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PROLOGUE

The day was calm. The waves that lapped the shore were small,

almost lazy; they were the waves of shallow waters, not of the open
ocean. A ruddy sun shone in the hazy sky. The slow stream that

came down to the foreshore rippled a little in the light wind, and the
pebbles tumbled here and there without much energy. Drama was
not wholly absent, for along the skyline all but lost in the distance

were two or three volcanic cones. They were quiet just now, but a
walk along the beach would soon bring a traveler to a stretch of all

but impassable lava, where once, not so long back, the molten rock
had oozed and hissed into the waters from an inland fissure. It would

happen again, but no one could foresee just where and when the
encounter would take place.

The day was calm and the scene was lonely. The beach was

devoid of shells. No flies buzzed; nothing at all hopped or crawled

along the water's edge. No birds flew; no fish swam in the sea;

no clawed creatures scuttled below the tidal waters. The rocky
lands inward from the sea were utterly barren of life. Neither lizards

nor mice could be found, and neither a tree nor a blade of grass
spread green blades to the sunshine. Yet life was present, even
abundant, in the scene. It grew everywhere that the shallow waters

brimmed out to dry land: dense knobs and sheets of algae and bac-

teria covered all the shallows, out into the bay and up the stream
toward the higher lands. That life was never out of touch with

water; it never survives higher than a matter of inches from moisture.

Inland, here and there, a few dry old knobs could be found, quite

whitened, rocklike - a growing mat of the only life in this quiet
land, stranded forever by some shift in the watercourse.

Modern structures formed by microbial mats ]bund in

Australia are analogous to structures formed by ancient
microbial mats billions of years ago h7 a similar environment.

Photo courtesy of J. W. Schopf
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Just such a scene - we can infer the details rather well from the

complex fabric of the rock samples - would present itself at the

spot, now the western coast of Australia, where the oldest trace of
life in all the Earth is found. The time is long ago indeed, a time we

can estimate to within a few percent from a secure, mutually con-

firming set of radioactive decay measurements. The signs of copious

algal life, which bears a remarkable resemblance to the same forms
found throughout the record of the rocks up to the present day,

occur almost as early as the first dated rocks. One must emphasize

that this teeming life, single-celled, though colonial in nature, was
about all that lived on Earth, not only for the first pages of the

record but for four-fifths of our whole past. Not until a time only

0.7 billion years (b.y.) back can we surely see any relic of life more
mobile than the algal and bacterial mats. Indeed, they themselves

become more complex in microstructure and more powerful in their

chemistry over the 3 b.y. of their evolution and change. No life is

mobile (beyond the drift of plankton) until about that time, 0.6 or
0.8 b.y. ago. And it requires another couple of hundred million years

before anything alive, either plant or animal, can break close contact
with the waters, to stand well above the coast, the marsh, or the

damp soil. All the forms of life we see in the familiar fossil record,

everything so graphically drawn by the paleontological artists, all
those feathery sea lilies, bulge-eyed trilobites, all sharks and dino-

saurs, all ancient birds and beasts, all dawn palms or big kelp, all that
crawls and flies and swims and stalks, all that branches or flutters in

the wind, belong to the last 10% or 15% of life's long history on

Earth.
The direct rock record supports one major plausible inference:

All life we know has evolved from single, small-celled beginnings,

forms like those still to be found as copious and vigorous participants

in the great geochemical cycles, the blue-green algae and their kin,
the bacteria. These had filled the shallow-water world in full vigor

even by the time of our earliest evidence. Theirs, of course, is the

triumph of lowly biochemistry - not motion, not sensory response,
not even structure on the scale of naked-eye visibility. It is rather the

microstructure, the complexities at the level of molecular helixes,

sheets, tubes and rods, and the complex biochemical pathways they

enable, which evolved over the entire first half or so of life's biog-

raphy. Thus, it is biochemistry we must search out back to the time
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of the most ancient rocks known, and before, if we can. The winds

and the waters, the volcanic fires and the slumping sands, the lava

pours and the rolling stones - those were not much different from

today. But in fact we do not even know whether human beings

time travelers - could have breathed that otherwise commonplace

breeze. Was it oxygenated? Could the old algal mats already use
oxygen and sunlight to build their substance in the open air? Or had

they not yet made that invention, so that they subsisted in a very
different atmosphere from ours, perhaps not yet even making good

use of solar photons? We cannot be sure. We know that many bac-
teria today are fit for vigorous life oxygen-free. We know, moreover,

that all the oxygen of today's atmosphere is turned over very rapidly
by the green-plant world. But just when that ability first arose has

not yet been fixed. It is in fact the molecular facts we still seek, with
much difficulty, there in the most ancient rocks. For it is on that

level that the mechanisms of life must have begun, about 4 b.y. back.
But the rocks are steadily reworked, buried, heated, and reheated in

the Earth's fiery mantle. We have to look hard indeed to find rocks

older than lsua in Greenland, which may - or well may not - bear

the crucial evidence we seek. Certainly, that search will go on, and

with sharper analyses we will find more clues in the ancient, dis-
turbed, and enigmatic samples.

THE DEPTH OF SPACE

Perhaps, we can work our way forward in time to life, forward
from the date when the Sun and its planets were somehow con-

densed jointly out of the interstellar gases. We know that date rather

well. The surface of the Moon, a large collection of meteorites that

have been trapped from orbit by their chance encounters with Earth,

and the strongly supported inferences from the dating of long series
of Earth rocks, all lead to the conclusion that our planet was

assembled by a complex set of processes just about 4.5 (+0.1) b.y.
ago. In the time between 4.5 and 3.8 b.y., we know Earth became

the round sphere it is, the rocks of the crust grew solid and were well

sorted, and the processes of ordinary geology approached the famil-

iar. This stormy period, with an epidemic of heavy impacts on plane-

tary surfaces, is under detailed study which includes the hints given
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by the other planets and satellites whose compositions we come
more and more to know. The meteors, too, offer samples stored in

the refrigerator of orbit by which we try to conclude what material

made up the Earth. We are pretty sure that there was plenty of time,

for the orbital processes are speedy compared to most geological
ones. Free fall is faster than the drift of continents and the weather-

ing of mountains to 1_11the seas with silt. Even such grand geological
dramas take a fifth of a billion years at most. So there is ample time;

the physical processes were more or less over and became familiar
within a couple of hundred million years (m.y.) or so. But what that
earliest stable Earth was like is a question still beyond the grasp of

our models; the biologists look to the planetary sciences for the

initial conditions of sea and air, and the physical studies still seek a

constraining hint from what the biochemists will tell them of the

initial atmosphere!
There has been one unexpected finding in space within the

last decade especially. It is the universal prevalence of carbon-

containing molecules. The linked atoms of carbon were once thought

to be solely the work of life. Now we find them overall, in plenty.
A substance like ethyl alcohol exists in vast quantities, though

gaseous and dilute to the point of vacuum, spread in the huge, thin
clouds of interstellar gas. Substances of even more complex and life-

like kind are found in the meteorites that fall now and again to

Earth, some of which resemble a blackened cheese, soft and
carbon-rich in substance. These are certainly products of the evolu-

tion of the meteorites, perhaps somewhat associated with the debris

of minor planets or at least with the conditions of the solar nebula

where the planets grew. There is a chance that these carbon com-

pounds may have contributed such useful organic resources directly
to the early Earth, which was certainly heavily bombarded with gifts

from orbit. Most workers believe that the surface of the Earth itself

was fully suited for the production of organic carbon compounds

from the commonplace atoms, like carbon and hydrogen, which were

already in place. It is the density which must be of importance, for

complex molecules arise out of the close proximity of several atoms

leading to their eventual union, an event none too common within
the dilution of space. Exactly that condition (the temperature, too,

must be permissive) gives our Earth its liquid water, intimately, indis-

pensably part of life, ancient and modem. Perhaps no other place we
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haveyet found in the cosmosallowsthe presenceof liquid water.
Mars long ago had great rivers, we think. Water and carbon-
containingmoleculesfit for livingformsgotightly together.Thecon-
clusion which everyoneacceptsis that small carbon-containing
moleculesform spontaneously,undertheright ambientconditions,
whetheror not life is directlyinvolved.If not thetrueprecursorsof
life, thesemoleculesareat leastpatternsfor the loom of life. They
canbe madeby a varietyof syntheticprocesses;they differ indeed
only in detail from nonorganicmolecules,copiousbut biologically
insignificantin the atmospheresof the coolerstars.The moleculeis
plainlyimplicit in theatomicworld.

Wewill pressthe rock recordback to its first pages.Wewill
improvethe planetaryandmeteoritestudiesforwardto theEarthin
birth. But can we look squarelyinto that half-billion year gap
betweenthebirthof theplanetandtheoldestrelicsof life?

THE ESSENTIAL MEMORIES

The extension of 35 years of molecular biology involving the
idea of the genetic code and its work, has shown us much of the

inner nature of life, especially of microbial life. The effort to frame a

general definition of life, which might seem at the core of the matter,
is in fact not so salient in the search for life's origin. For what we

seek must be the long chain of events which gave rise to that specific

complex web of present-day life on Earth of which we are a part.
Even if quite other forms are possible, they would seem less relevant

to the quest for what happened here. It is no surprise, then, that the

key questions have been sought on theoretical grounds. For 20 years
people have looked for conditions which, under the little-known

natural circumstances of 4 b.y. ago, could plausibly lead to the rise
of proteins - the working molecules of life which marshal the linked

chemical reactions to build living systems and lend them function.

Parallel effort has been spent with the nucleic acids, which on Earth

alone form those subtle, long molecules (DNA and RNA), as well as

the various copying peripherals that embody and reproduce the

instructions for the proteins which implement the order, even the
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act of codereproductionitself.Thesecomplexmoleculesareuniver-
salin life formstoday; theyhavelongseemeda wisestartingpoint
for thesearchfor origins.

Neither a codedmessage,whoseslowelaborationis the only
key to the evolutionarypath,nor theseproteinjigs and fixtures,
whichaloneallow the expressionof the inert codewithin theworld
of livingchange,canbe the wholestory.Nocode,nowayto elabor-
ate thechainof life forever;but no jigs,noactionon the world.A
biological contract betweenthese molecules,or more strictly,
betweenthesetwo functionsin somemolecularform, seemsthe
centerof the issue.Wedonot seeit clearlyyet.Thecluesfrom pres-
ent life areuseful,but today the mechanismhasbecomesoprecise,
sowell-functioning,so long-elaboratedthat the stepsthat led to it
from a simpler,nonlivingworld arehardto guess.It ispossiblethat
somesimplifiedintermediatestructureswill be found;it isalsopossi-
ble that somekey contrivance,now entirely superseded,must be
found.Somethink that the inorganicsubstructureof somemineral
mighthaveoffereda crystallineframeworkfor the first systemsof
molecularself-reproduction.Otheressentialsbesidesthemessageand
the action are postulated;or perhapssomeearly form of the
messagemayhavebeenat leastweaklyself-acting.Thewholetopic is
complex,central,challenging.

Oneconclusionseemsstrongerthanever,touchingonthecons
of evolutionaryelaboration.It seemslikely that the first cellsof the
microbialmat were the unusuallysmall and structurallymoreor
lesssimpleoneswhich still distinguishthe bacteriaand the blue-
greenalgaeasagroupfrom all otherhigherformsof life. Sometime
in the first 2 b.y., newcell typesarose.Moreor lessalgal,theywere
big,hundredsof timesthe volumeof their forebears,likemostcells
of the animalsandplantsof today.Moreover,they heldthespecial-
izedorganellesof cells,thosewhichtodaycarryout efficientphoto-
synthesis,hold and take out the messagemoleculessafelyandpre-
cisely, arrange for sequentialreactionsof energystorageand
liberation, etc., in all higherforms.The smallercellsperform the
samefunctions(indeed,asbiochemiststheyareevenmoreversatile),
but they lackmanyadvantagesof rateandof diversityin reproduc-
tion. Thereis goodreasonto believethat hereweseeanotherlater
socialcontract- the organellesof the largercellsareperhapsthe
offspringof once-independentorganisms,which longagocontracted
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to dwellwithin somehost cell andshareits world. A fewsuchsym-
biotic arrangementsmay havemadethe complexandproteancells
of today, the eukaryotes.Theircooperationto form organelles,then
wholecreatures,hasgivenriseto the multicellularformsof life that
arenow largeenoughto makean imprint in the world oneby one,
andenterprisingenoughto addswift mobility andvariedmacrostruc-
tureto thechemicalvirtuosityof that ancientalgalmat.

Probably,theseseveralcontractualunionsarethe heartof our
problem;so far only the riseof the organellesseemsto find some
supportin theworldof life aswestudyit today.

THE TENSIONSOF RESEARCH

There is a certain tension in scientific research. No doubt all

researchers would like to solve important problems, problems with

impact on the mind, or problems whose solutions bear on human
needs in a material way. But those problems are hard, often refrac-

tory. At any state of knowledge, the researcher is therefore led to

seek out, not the most important problems, but the soluble ones.

Galileo watched the lamp swing with uniform beat; he could get
somewhere with that. But his early effort to explain the tides was

not the source of much further work. In the study of the origin of

life some balance must be struck. The problem is clearly important;

perhaps no other problem speaks more to the common concern of all

reflective human beings to learn our place in the world. But it is evi-

dently no simple problem, more so because it cannot be sought

within a single discipline. Here, molecular biology meets astronomy,

both encounter geology, and each of these major disciplines draws

upon the chief results of chemistry and physics over a very wide

range. Such a specialty is institutionally fragile;its devotees generally

must find their professional niches in quite different, better-focused

enterprises - those with degrees, standard texts, students, clear

applications. We believe that the maturity and importance of the
problem begin to demand explicit support and recognition. The

question lies squarely across the major currents of microbiological

and of planetary research today. Those sciences could reach no more

important outcome than to illuminate the origins of life on Earth.
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In thissearch,we thereforeoffer anaccountof thestateof our
knowledge,our hopes,andour puzzlesasthey aretoday.Wehope
thematerialwill convincethereaderhow fascinatingandhowtimely
is this topicin thepresentstateof science.Wemightremarkalsothat
a focus on the widespreadbut ratherquiet, cryptic life of the
microbial mats of the greatwatery flats is strangelyrelevantto
today's world in which the geochemicaland atmosphericcycles
themselvesbeginto showtheeffectsof humaninterventionfor good
and bad.The great role of that lowly life in the deeppastis to a
degreecontinuedtoday;we know all too little of its complexand
rich operationswithin thechangingbalanceof contemporarynature.
As we look backinto the past,wewill both employandilluminate
the present.But aboveall,whatweseekisnot onlypracticaladvan-
tage, though that will come.Our chief goal is a kind of self-
knowledge,asdeepasour oldestmyth: how it cameabouton this
Earththatthequickwerefirst partedfromthedead.

PhilipMorrison
MassachusettsInstituteof Technology

Cambridge,Massachusetts







I. TOWARD THE ORIGINS OF LIFE

A DEFINITION OF LIFE?

The search for a clear definition of life is in itself a scientific

problem of real depth. In the present context, that search appears a
little peripheral, however deep and urgent the issue may be to a full

understanding of biology. For our task is not at all to examine every
path that the lifelike might walk. The classical metaphors of the
flame, the whirlpool, the growth of a crystal, even so speculative a
diversion as the notion of life based on silicon, whether within some

computer mainframe or in the creaking motion on some far-off

planet, are somewhat beside the point. The task is set for us sharply

by the historical event: The life whose beginnings we seek is that of

our own planet, carbon-based, molecularly elaborated, and capable
of evolving into the web of life shown in the geological record up to
our own time.

The attributes by which we recognize living things as alive -

their capacity to grow, replicate, and repair themselves, to produce

elaborate and seemingly purposeful structures and behaviors, to

adapt to the most varied conditions - are derived ultimately from

the genetic properties of living matter. By genetic properties we

mean these two: self-duplication and discrete change. That is to

say, living systems are systems that reproduce themselves closely,
but that mutate as well, and then can reproduce their mutations.

These properties define the living state. Such systems, mutating -

albeit blindly - in many directions, will evolve through the process
of natural selection. In time, they can yield the living world in its
endless variety and complexity.

Within the notion of self-duplication, so intrinsic to life, there
once seemed to rest a logical disaster. A mechanism which must

reproduce itself needs to be complicated. But the more complicated

Electron micrograph of DATA by Lorne MacHattie, in collab-

oration with Ken Berns and Charles A. Thomas, Jr.
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it is, the harder it is to reproduce, and thus the more complicated it
must still be - that particular kind of trouble was once and for all

eliminated by the arguments of the mathematician John

yon Neumann 30 years ago. His argument was well-summarized by

Freeman Dyson:

"Von Neumann did not live long enough to bring his

theory of automata into existence. He did live long
enough to see his insight into the functioning of living

organisms brilliantly confirmed by the biologists. The
main theme of his 1948 lecture is an abstract analysis

of the structure of an automaton which is of suffi-

cient complexity to have the power of reproducing
itself. He shows that a self-reproducing automaton

must have four separate components with the follow-

ing functions. Component A is an automatic factory,
an automaton which collects raw materials and pro-

cesses them into an output specified by a written
instruction which must be supplied from the outside.

Component B is a duplicator, an automaton which
takes a written instruction and copies it. Compo-

nent C is a controller, an automaton which is hooked

up to both A and B. When C is given an instruction, it
first passes the instruction to B for duplication, then

passes it to A for action, and finally supplies the

copied instruction to the output of A while keeping

the original for itself. Component D is a written
instruction containing the complete specifications

which cause A to manufacture the combined sys-

tem A plus B plus C. Von Neumann's analysis showed
that a structure of this kind was logically necessary

and that it must also exist in living cells. Five years
later Crick and Watson discovered the structure of

DNA, and now every child learns in high school the

biological identification of Von Neumann's four com-

ponents. D is the genetic material, DNA; A is the
ribosomes; B is the enzymes RNA and DNA poly-

merase; and C is the repressor and derepressor con-
trol molecules and other items whose functioning is
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still imperfectlyunderstood.Sofar asweknow, the

basic design of every micro-organism larger than a

virus is precisely as Von Neumann said it should be."

This qualitative triumph was not the last of the mathematical

approaches. Perhaps the most sophisticated work which followed was

that of the seventies by the distinguished physical chemist, Manfred
Eigen. He and his colleagues have elaborated a carefully controlled

model of linked chemical reactions, which shows the possibility of

the steady increase of chemical complexity by various feedback
mechanisms entirely within their model domain of interdependent

reaction rates and yields: the explicit working out of the vague old

notion of autocatalysis. But it seems rather far from our concrete

problems, for it begins with a mechanism of reproduction with

interaction. Yet it is the origin of that mechanism which is a central

problem.

Once again, the impact of this abstract work is, so far, stronger

at the level of general understanding than upon the actual search for
terrestrial beginnings; most workers prefer to take strong clues from

the specificity of the life we know than to follow logical conse-

quences of plausible general models. There are hints of experimental
systems: Certain bacterial cells, products of some error in cell divi-

sion, metabolically complete but without genetic apparatus, might

allow a kind of direct experiment in the domain of self-reproducing

automata. But most effort still seems directed to a more chemically

characterized level. 1 For most work so far, that has been the pursuit

of a bridge across the present wide gulf between the stable nucleotide

memory string - the DNA - and the reactive peptides of enzymes,

the structural proteins, and perhaps some other membrane constitu-

ents. The emergence of a self-reproducing system from single mole-

cules is yet elusive.

LIFE ON A TAPE

Perhaps the most important achievement of modem biology has

been the discovery of the chemical structures and mechanisms

1Important representative chemicals are illustrated in the appendix.
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responsible for the genetic properties of living things, the compo-

nents A through D of von Neumann's automaton. These properties
derive from just two classes of large, information-rich molecules: pro-
teins and nucleic acids. The nucleic acids are the ultimate self-

replicating, stable, yet mutable structures of all living matter today.

They form the genes, the bearers of the genetic heritage, in every

known species. This heritage consists of durable information, largely

concerned, directly or indirectly, with the production of specific
protein molecules. The latter form most of the cellular structures and

the chemically active enzymes - the versatile class of highly effi-
cient, interactive catalysts that control the chemical activities of

cells, including the eventual self-synthesis of more enzymes, other

proteins, nucleic acids, and other key molecules. The nucleic acids

and proteins thus constitute an interlocking and interdependent

association, the genetic system. Whatever is unique about living

matter is inherent in this system. There is an instructing tape, the

nucleic acid, which directs the assembly of the universal chemical

tools, the enzymes. Note, though, that all the important structures
are not single molecules, but complexes like lipid membranes.

The duality of the genetic system arises from the circumstance

that survival in the struggle for existence depends on the ability of

organisms to synthesize a large variety of specific proteins; those

proteins are highly ordered, hence, thermally improbable structures

that must be built up by a long sequence of individual amino acids.

If every generation had to discover for itself how to assemble amino

acids in the right order to produce the proteins it needs, survival

would be impossible. This information must be transmitted from

parent to offspring, and a mechanism for storing and copying it is

required. Amino acid sequences cannot be copied by any known

chemical scheme from a preexisting protein, but nucleotide

sequences can be copied from a nucleic acid. Consequently, the
instructions for assembling protein molecules are encoded in nucleic

acids. Only the latter are copied for inheritance; only the former
are made anew to do the work.

As indicated above, the lengthy information sequence contained

in the genes was generated by random mutations in DNA, screened
by natural selection. The genetic specifications are thus the evolu-

tionary product, a record of discovered solutions to the problems of

survival encountered by the species in the long course of its history.
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mutation and natural selection - that brings about the nearly flaw-

less replication of DNA and its mutants, and through them, of pro-
reins and the entire organism.

The spontaneous origin of so complex a system as that

described above poses great conceptual difficulties. It must be recog-

nized that the simplest modern genetic system we see is highly
evolved; the original system was probably much simpler. Two logi-

cally possible predecessors are worth exploring: (1) polynucleotides

which still retain some catalytic capability, and (2) polypeptides

which yet have some replicative capability. Molecular systems such

as these would be extremely inefficient by standards of life today,
but they might have been sufficiently accurate under the less-

competitive conditions of the primordial Earth to survive and to

evolve. Either one might have been capable of developing into the
modem dual mechanism.

THE LOCALIZATION OF ORDER

The search for interactions among molecules which might lead

to self-replicating systems of either or both kinds of molecules,
nucleic acids and proteins, has progressed to some depth. Biochemi-
cal preparations which are essentially homogeneous solutions can

yield remarkable results whenever the polymer prototypes required

are present in rather high concentration. The classical experiments on
DNA replication in vitro are only one famous example.

But this sort of system is not without its limitations. It is after

all the cell, a large set of interactive molecules, which is the unit of

present-day life. The notion that simple mutations - if one thinks of

many successive single-point modifications within a long polynucleo-
tide sequence - could in the fullness of time lead to the marvelous

outcomes of natural selection is inherent in the point of view. Surely,
that is too simple a view of the actual course of evolution. The time

required for a given selective result can be much reduced if the pro-

cess proceeded among quite distinct strings of genes, to join several

of them later in an action which may confer complex, new capabili-

ties all at once. This is of course seen in living forms at many genetic



levels,from that of thebacterialplasmidsto sexualrecombinationin
the classicalway;eventhetypicalmicrobialcellmayitself largelybe
a symbioticunion of once-independentorganisms.Somesuchhier-
archicalarchitectureis probablyessential,evena rareprocesswhich
increasestheprobability that successfulchangescancometo domi-
nate.Theslowgrowthof moleculartapesin solution- whetherone
imaginesanorganicoceanor amoreplausiblemultitudeof enriched
tide pools- is boundto bespeededup by anyprocesswhichtends
to sequesterreactantsin therightway.

The logicalsimplicityof the replicatingsinglemoleculeis evi-
dent.On the other hand,thecomplexsystemwenow seerequires
the participation,evenin vitro, of an energy source and a number of

specific auxiliary enzymes. In the cell of course much more is invari-

ably present, from the multimolecular mechanism of the transcrip-

tion apparatus to the enclosing membranes which maintain the
concentrations and the integrity of every cell. The molecular cou-

pling described above is a minimal early step.
It is plausible to extend the idea of the single molecule. The

simplest extension is to a system of a few molecules, which seems
closer to the working system of life today. The difficulty is still in

the coupling within any simple molecular system.
The main logical point seems to be to extend the participation

of the environment, in order to restrict the replicating event to a

single protogene itself. To this end the free energy is thought to be

provided by a medium rich in needed building blocks, stored there

by nonbiological processes that produced the molecules required. It
is not difficult either to imagine the presence of some nonspecific

catalyst, say, a metal ion, which might assist the coupling sought

between the major polymers.

The next step beyond the single molecule self-copying in an

organically rich and slightly metallized medium is the idea of a non-

specific substrate, some solid mineral surfaces where adsorption

might locally increase concentration, provide nonspecific catalysis,

and allow the use of rare components. At this point of hierarchi-

cal steps of unification, perhaps on the model of the simplest one,
if A can make not itself but can make B, while B in turn makes

A, the single union is self-duplicating. Once the possible role of
substrate is admitted, the scheme can go even further. We shall

discuss in more specific terms in chapter VI the conjectures that



involvesubstrateto the extent that a replicationof patternis itself
seenasbeginningfirst onamineralsurface.

Noneof theseschemesisyetmuchsupportedby experimentor
quantitativetheory, but giventhat life arosein anabioticenviron-
ment,somestableandyet not immutablespatialorderingwasakey
part of the process.Wasthat orderingall spatial,structural,in the
senseof the formation of discretephasesbeyond the molecular
scale?Or wasit in part temporal,kinetic in the senseof variable
reactionratesamongmolecules?Thoseratescouldbeself-controlled
by catalytic feedbackloops,aswell perhapsasby temporal,even
cyclic, changesin theexternalchemicalenvironment,e.g.,dry-wet,
or light-dark.That both possibilitiesmighthavebeenof importance
is not to be overlooked.In the presentstateof ourknowledgewe
wouldhopefor smallstepsalonganyof thesepaths.

THE CHEMISTRY OF LIFE: WHY CARBON? WHAT ELSE?

The capability for generating, storing, replicating, and finally
utilizing large amounts of information implies an underlying molecu-
lar complexity that is known only among the compounds of carbon.
The special properties of the carbon atom that make it suitable for

the construction of large, complex, three-dimensional molecules

which are, in fact, thermodynamically unstable but kinetically

metastable, are discussed in textbooks of organic chemistry. While

living forms contain significant amounts of hydrogen and oxygen (in

the form of H_O), no other element enters as many and complex
compounds as carbon. As every student knows, there are more com-
pounds of carbon known than there are of all the other elements
put together.

Table I-1 lists the relative number of atoms of the chemical ele-

ments which comprise the particular sample of life described. The

data give in round numbers the number of atoms for each important
element (not the weight) among 100 atoms of the sample. Note small
round-off errors.

Life on our planet is carbon-based despite the fact that carbon

is a minor element in the Earth's crust (about 0.5% by weight). This



TABLEI-1.-SOMEELEMENTARYRECIPESFORLIFEFORMS

Life form
H C

DNA 38 29

Typical protein 50 31

Element

Key biological polymers

I 19 11 3 --- 100 110 8.5 --- 0.5 100

Whole living forms

Green plant (alfalfa) 57 6 33 4 0.2 0.03 100.3 Ca, 0.1; all others
less than S

Animal with bony 62 9.5 26 1.3 .3 .08 100.3 Ca, 1.3: K, 0.09;
Na, 0.07; all others

skeleton (human) i less than S

is comprehensible once the special properties of the carbon atom
referred to above are considered. It becomes almost expected in the

light of recent discoveries showing that carbon compounds complex

enough to have biological importance are reasonably abundant in
carbon-containing meteorites (carbonaceous chondrites), even in

vast, cold, and dilute interstellar clouds. Analysis of carbonaceous
chondrites has revealed the presence of numerous amino acids,

including at least eight of the amino acids of living proteins. It has

been generally concluded that these amino acids are of extraterres-
trial and nonbiological origin. Equally remarkable is the demon-

stration, by microwave spectroscopy, of a variety of organic com-

pounds in interstellar space, in association with dust clouds rich in

molecular hydrogen. Among the substances identified in these
clouds are intermediates familiar in the synthesis of amino acids and

of purines, pyrimidines, and sugars - in short, precursors of the

genetic system, albeit very dilute within those enormous astronomi-

cal volumes.
It is clear from these discoveries that nonbiological reactions

leading to the formation of biologically interesting molecules have
occurred and are still occurring in the universe on a grand scale.

This suggests that wherever life may be found it will be carbon-based,

not greatly different in chemistry from our own.



The cosmicabundanceof atoms tends to fall steadily with

atomic number. None of the key atoms in the biopolymers of early
life is heavier than sulfur, atomic number 16. Living forms do make

some use of a good many elements in addition to the major constit-

uents of their biopolymers. Every shelly or bony creature uses cal-

cium, while some forms have skeletal frameworks of silica; these are

specialized structures, but they all use elements rather common in
the surface minerals of Earth. Among the most abundant of minor

atoms are the volatile elements of the mineral world which are easily
outgassed, dissolved by water, and weathered out of the rocks to salt
the sea and make up the fundamental electrolyte solutions within all

living cells. These are magnesium, sodium, potassium, calcium, and
chlorine (chlorine is in fact rarer than the others listed). Next most

important is iron, a rather heavy atom (atomic number 26), which,
because of its intrinsic nuclear stability, is unusually abundant in the

cosmos for its weight. The iron atom plays a central role in life today
within a number of indispensable metal-containing organic struc-
tures, the blood-red pigments of course, but others as well. Similar

roles can be played by less common metal atoms, e.g., copper,
cobalt, zinc, manganese, even molybdenum, and vanadium. These are

by no means common elements, but their exploitation by life seems

to be an opportunism of natural selection, making use even of a trace

of some rare atom to take advantage of its special properties. The

secondary elements in life, in addition to hydrogen (H), carbon (C),
oxygen (O), nitrogen (N), phosphorus (P), and sulfur (S), amount at
most to one or two atoms in a hundred; no living species is known to

require any element heavier than iodine (atomic number 53). The
vital iron atom is the most abundant heavier atom in the human

body, yet there is in the body only about one iron atom for every
15,000 of carbon! In all of biology only humans make any use of the

rare heavy metals, like lead, gold, and uranium; that use is not
biological, but cultural.

WATER

The two most abundant compound-forming atoms in the cos-

mos are hydrogen and oxygen. Their most familiar compound, water,

is wide spread. But it is grains of solid ice and very dilute water vapor
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that we find copiouslyin space.The familiar liquid water is not
knownto uswith certaintyanywherein theuniversesaveonEarth.
Wesuspectit wasin thebodieswherethe carbonaceousmeteorites
formed,probablysomeclassof asteroids.Wemighthaveseensigns
of it in the marginsof the Martianpolarcap;maybeit is present
undergroundon Mars.Thepoint, of course,is that liquid waterisa
fleetingsubstance;it canpersistonly within a limited rangeof tem-
peratureat reasonablyhighpressure.Sucharegimeis from acosmic
viewpoint intermediatein temperature;l0 or 20 timesabovethe
temperatureof the coldgasesof space,but 10or 20 timesbelowthe
temperatureof a star surface.To realizeliquid water,the pressure
must stay ratherhigh, compatiblealmostcertainlyonly with the
surfacegravity of a modest,cool, planet-sizedbody. Thus,liquid
waterand life aswell seemto bephenomenaof highdensity.The
near--vacuumof spacecannotkeep liquid water, and the atomic

collisions which allow sequential reactions there are haltingly infre-

quent, even though quite numerous within the clouds in space. So
familiar an "organic" compound as ethyl alcohol is well detected in

such interstellar clouds. The total amount present there is huge; a

single cloud contains more alcohol than all life on Earth has made
over all its history, but it remains more dilute than a laboratory

vacuum. It is so dilute there that any buildup to truly complex

molecules is painfully slow.

Water, the medium of life, dominates life today. Ninety percent
of evolutionary time had passed before life could emerge from water

(or perhaps take water along) to populate the land. Until that epoch,
life was to be found only below the water's surface, or near that

boundary, or, at the driest surface locked within damp enclosing soil.

Land life now has elaborate and specialized devices to avoid dryness.
It remains true that the biopolymers themselves depend on water-like

chemical bonds for their very existence. The hydrogen bonds in

which a proton forms a positive electrostatic link between two nega-

tively charged electron clouds, is the chemical bond of intermediate

stability that lends the big polymers their subtle mix of stable and

labile properties. If it were not water within which life grew it must
all the same have been some other hydrogen-rich medium.

These logical inferences confirm our present findings: Life on

Earth must have begun in or near water. That much seems sure.
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SUGGESTION FOR FURTHER READING

Judson, H. F.: The Eighth Day of Creation. Simon and Schuster,
N.Y., 1979.
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II. THE ORIGINS OF LIFE:

A BRIEF HISTORY OF THE SEARCH

THE EARLY QUESTIONERS

There is within modem science a curious anomaly, almost a

paradox. Since the rise of modem science during the Renaissance, its
fashioners have realized that the daily tasks of science could not be

set by the great philosophical questions. The philosophers and the

prophets over all history had raised the key questions; What is
motion? What are being and becoming? What are the stars? Whence

the Earth, life, man, and all the rest? But they could not supply

growing insights, for all their keenness in setting great questions and

opening logical conjecture. A more modest science could bring

answers. But science by choice begins with small questions: How do

bronze balls roll down inclines? What are the shapes of planetary
orbits? What happens to the weight of charcoal as it bums? One had,

above all, to supplement the inborn senses; the telescope, the micro-
scope, the balance, the careful computations, these were the new
tools of science.

With such tools and maturing skills, with concepts and analyses

beyond the reach of the common language of the general philoso-

pher, the scientists broke new ground in every direction. But they
left aside the great questions, often the questions of origins and of

ends, for such questions were not ripe for answers. It takes a mature
discipline of geology, for example, to ask where mountains come

"But if {and oh, what a big il) we could conceive in some warm little

pond, with all sorts of ammonia and phosphoric salts, light, heat,

electricity, etc., present that a protein compound was chemically

formed, ready to undergo still more complex changes, at the present

day such matter would be instantly devoured or absorbed, which

would not have been the case before living creatures were formed. '"

Charles Darwin's letter to Hooker, February 1871

(Copy courtesy of Prof. Melvin Calvin, University

of California, Berkeley)
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from; until the whole world is mapped, even the sea floor, and many
individual histories have been teased out of the data, the worldwide

picture of plate tectonics can hardly be drawn. Even now, the
specialized sciences, with their diverse techniques and conceptual

structures, do not often aim directly at the larger questions. There is

a kind of disparity between the great end which science, as a whole,
seeks - the full understanding of our universe and the human place

within it - and the everyday or every decade problems which it can

and does solve. The great questions are often put aside for another

generation.

The problem of the origin of life is such a great question. Only

in the last decades, since we have acquired a powerful molecular view

of life's inner unity and a growing reach into space toward the old

history of the planets and the Earth, can we begin to ask that ques-
tion in so many words. The story of the growth of that topic within

science, and the scale and scope of the community recently engaged
with the issue are sketched here.

The idea of life arising from nonlife, the idea of spontaneous

generation, had been commonplace for millennia. One had only to

accept the evidence of the senses, thought the ancients: worms from
mud, maggots from decaying meat, and mice from old linen.

Aristotle had propounded the doctrine, along with Virgil and
Lucretius. This teaching was accepted by a long line of western

thinkers. Eastern ideas were similar. In the ancient Hindu scriptures

life is described as having originated from nonliving matter. The

Rig Veda, for example, pointed to the beginnings of life from the

primary elements while the Atharva Veda postulated the oceans as

the cradle of all living things.

The first pointed experimental investigation of the concept of

spontaneous generation was carried out by Francesco Redi of

Florence in 1668. His experiment was as simple as it was decisive.

Once the jar of meat was covered with a veil of muslin, no flies could

lay eggs on the decaying meat, and therefore it bred no maggots. All

life is from the egg!

With the use of the microscope by Robert Hooke and Anthony

Leeuwenhoek (ca. 1660-1700) a new false trail appeared. Many who

used the new instrument saw many moving microorganisms grow

amidst decaying vegetable matter but they were unable to explain
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their origin. The theory of spontaneousgenerationwasthus kept
alivefor acentury.

In 1860,the FrenchAcademyof Sciencesoffereda prize to
anyonewho wouldprovideadecisiveexperimentalresultto halt the
old controversy.LouisPasteur'sexperimentsof the 1860swith the
swan-neckglassflasksarepart of our scientificheritage(fig. II-1).
Pasteurannouncedhisresultsto the Frenchin thefollowingwords:
"Life is a germ,anda germis life. Neverwill thedoctrineof spon-
taneousgenerationrecoverfrom thismortalblow."

About thesametimetherecameaclearinsightfrom thefield of
organicchemistry.Perhapsit is prematureto usethat term,for in the
mid-nineteenthcenturythe chemistryof carboncompoundshadnot
yet comeof age.ThegreatBerzeliusin 1815hadarguedthatorganic
compoundswereproducedfromtheelementsby lawsdifferingfrom
thosegoverningthe formationof inorganicmolecules.Accordingto
him, organiccompoundswereproducedunder the influenceof an
essentialvital forceandthereforecouldnotbeproducedartificially.
But W6hler'sclassicexperimentof 1828,in whicha productof ani-
mal metabolism,urea,wasproducedby the heatingof ammonium
cyanate,weakenedthe sharpdistinctionbetweenthe organicand

A B

Figure I1-1.- In the 1860s, Louis Pasteur showed that life did not arise spon-
taneously. The intact swan-neck flask (aJ remained sterile, while the one with
the broken neck (b} did not.
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inorganic. Similarly, in 1845 Kolbe by a series of stepwise reactions
produced the familiar acetic acid, surely a "genuine" organic com-

pound, from carbon disulfide, which in turn had been prepared by

reacting carbon with sulfur. The Chemical Abstracts today lists over
5 million organic compounds, elequent testimony to our unified

understanding of organic chemistry, one single chemistry of carbon

compounds.

THE EVOLUTIONARY SYNTHESIS

It appears that it was Charles Darwin who f'n-st formulated the
modern approach to the origins of life, with a view of the circum-

stances, not of today, but of the distant past when the first life was
somehow formed. He wrote in a private letter in 1871 : "If we could

conceive in some warm little pond, with all sorts of ammonia and

phosphoric salts, light, heat, electricity, etc., present, that a protein

compound was chemically formed ready to undergo still more com-
plex changes, at the present day such matter would be instantly
devoured or absorbed which would not have been the case before

living creatures were formed." In short, the logical needs for the
origin of life include the absence of life: a sterile environment was

exactly what was present then and what is utterly unknown in the

biosphere today. But for 50 years such large ideas lay dormant. They
were ahead of the state of biology and geology. The question was too

grand. Pasteur's wonderful declaration is true for our geological
epoch; the ancient epoch when life originated, which is not at all the

present natural life-filled environment, was not brought under study.
In 1924, a young Russian biochemist published a preliminary

account of his ideas on the chemical origins of life. In a booklet

entitled Proiskhozhdenie Zhizny, he pointed out that the complex

combination of manifestations and properties so characteristic of

life must have arisen in the process of the evolution of matter.

A. Oparin had learned Mendeleev's ideas on the possible origin of

hydrocarbons from the carbides in the crust of the Earth, and

injected into his own thinking a new notion concerning the reducing

nature of the early atmosphere. To Oparin's great credit, this obser-
vation was made before the astrophysicists had realized that the stars

were 90% hydrogen.
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In 1928,J. B. S.Haldane,the British biologist, independently
of Oparin, wrote a classic paper, "The Origin of Life." Haldane

speculated on the early conditions suitable for the emergence of life.

According to him, when UV light acted upon a mixture of water,
carbon dioxide, and ammonia, a variety of organic substances were
made, including sugars and apparently some of the materials from

which proteins are built up. Before the origin of life they must have

accumulated until the primitive oceans reached the constituency of a

hot, dilute soup. Haldane gave us the concept of the "primordial
soup."

Almost 20 years after Haldane's publication, J. D. Bernal of the

University of London conjectured before the British Physical Society
in a famous lecture entitled The Physical Basis of Life that clay sur-

faces were involved in the origin of life. He was looking for ways and

means by which the primordial molecules in the hot, dilute soup
could be brought together to give rise to polymers capable of replica-

tion. A physicist and crystallographer by training, Bernal was particu-
larly attracted to the role of surface phenomena in the origin of life.

He argued that favorable conditions for concentration, which may

have taken place on a very large scale, were provided by the adsorp-
tion of organic molecules on the fine clay deposits. The role of clay
in primordial organic synthesis is today a lively area of investigation.

THE EXPERIMENTAL ERA: ORIGINS ENTER THE

LABORATORY

In the early fifties, the Oparin-Haldane hypothesis, enriched by
Bernars ideas, was being widely discussed. Many experimenters were

interested in putting it to the test. We must, however, recognize that

over a long period of time innumerable experiments had been per-
formed to generate organic molecules of biological interest. For

example, Haber, in 1917, exposed a mixture of gases to electric dis-

charges and postulated that any compound which could plausibly be

synthesized would come out of such a system. (Rabinowitz, 1945,
narrates many other examples, although they were not undertaken

with the set purpose of studying the origin of life.)

The first reported experiment in the series of investigations to

test the hypothesis of chemical evolution was done at Berkeley in
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1950by Calvinandhisassociates.Theavailabilityof radiocarbon14
and the Berkeleycyclotron providedthe ideal tools for such an

experiment. A mixture of carbon dioxide, water, and hydrogen was

exposed to 40 MeV helium ions from the 60-in. cyclotron at

Berkeley. (Unfortunately no nitrogen was added to the mixture of

gases irradiated.) A curious fact about this experiment was that

although they referred to Oparin's idea of a reducing atmosphere,

they used an oxidized source of carbon. Among the products identi-
fied were formaldehyde and formic acid.

Soon after the results of this experiment were reported in

Science in 1951, there appeared a detailed paper by Harold Urey on

the early chemical history of the Earth's atmosphere. In this paper

Urey clearly defined the conditions under which a primitive atmo-

sphere may have arisen and argued from the abundance of hydrogen
in the universe, the rate of escape of the lighter elements, and equi-
librium constants that the early atmosphere must indeed have been

reducing. This paper was soon followed by the now-celebrated

experiment by Urey's graduate student, Stanley Miller, in which
methane, ammonia, and water were exposed to electric discharges

(fig. II-2). Among the compounds formed and identified were four of
the amino acids commonly found in protein: glycine, alanine,

aspartic and glutamic acid.
Over the years, although new evidence on atmospheric outgas-

sing and the geological conditions of the early Earth has led us to
reconsider our thinking on the true nature of the Earth's primitive

atmosphere, Urey and Miller had set the pattern for most of the

synthetic experimental work in chemical evolution.

THE SPACE AGE

The scientific inquiry into the origin of life soon began to
receive worldwide attention. In 1957, under the sponsorship of the

International Union of Biochemistry and the leadership of Oparin,
who was at that time its vice president, an international conference

on the subject was convened at Moscow. At this meeting a number of

biochemists were gathered who reported on their theoretical or
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Figure ii-2.- An apparatus used to produce amino acids from methane,
ammonia, and water by electn'c discharge.

experimental investigations on the origin of life. The mammoth vol-

ume of 691 pages bears testimony to the extent of the work and the

depth of interest of the international scientific community.



20

With the establishment of the U.S. space program in 1958, a

dedicated effort in space biology began to emerge. In an authorita-

tive document, the Space Science Board of the National Academy of

Sciences declared that the search for extraterrestrial life was a prime

goal of space biology. "It is not since Darwin and, before him,

Copernicus, that science has had the opportunity for so great an
impact on the understanding of man. The scientific question at stake

in exobiology is the most exciting, challenging, and profound issue
not only of the century but of the whole naturalistic movement that

has characterized the history of Western thought for over 300 years.
If there is life on Mars, and if we can demonstrate its independent

origin, then we shall have a heartening answer to the question of

improbability and uniqueness in the origin of life. Arising twice in a
single planetary system, it must surely occur abundantly elsewhere

in the staggering number of comparable planetary systems."

In 1963, the second conference on the Origin of Life was held
at Wakulla Springs, Florida, under the sponsorship of the National

Aeronautics and Space Administration. Much progress had been
made since 1957. Many of the molecules of biological significance

had been synthesized. The pathways for their chemical origin had

been outlined, the conditions of reaction well defined, and the ana-

lytical techniques developed to a high degree of refinement.

By now, primarily with well-planned support from the Space
Sciences Division of the National Aeronautics and Space Administra-

tion, several laboratories across the world were engaged in sophisti-

cated experimental programs related to the origin of life and to life

beyond the Earth. Papers on the subject appeared in journals as

diverse in discipline as microbiology and astrophysics. The landing
of a man on the Moon and the availability of lunar samples for analy-

sis intensified the geochemical aspects of the program.

The year 1970 appeared a most appropriate time to organize
the Third International Conference on the Origin of Life. This

meeting was held at Pont-a-Mousson, France, about 250 km east of
Paris. Over 150 researchers from several countries around the world

were present. At this meeting was also born the International Society

for the Study of the Origin of Life, with Alexander Oparin as its first

president.
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An accidentaleventof considerableimportanceat about this
time wasthe fall of the Murchisonmeteoritein Australia.Thetech-
niquesdevelopedfor the analysisof the lunar samplesweresoon
appliedto this freshcarbonaceouschondrite.Althoughmeteorites
hadbeenanalyzedbeforethis fall, the findingof equalamountsof
D- and L-aminoacidsand nonproteinaminoacidsin a meteorite
provided unambiguousevidenceof nonbiologicaland indigenous
organiccompoundsfor the first time. Prebioticorganicmatterhad
beendiscoveredin thesolarsystem.

In 1973,the Fourth InternationalConferenceof theOrigin of
Life washeldat Barcelona,Spain.Thesubjectof chemicalevolution
had comeof age.A quarterlyjournal, Origins of Life, devoted to

the interdisciplinary approach to the subject, has been published

since 1974. The Journal of Molecular Evolution and Biosystems
often publish papers on the biochemical aspect of the question.
Precambrian Research highlights those aspects related to the Archaen
sediments.

The pace of research has quickened. The Viking Mission to Mars

gave man the first opportunity to sample the soil of another planet

and search for clues for life. The results of the Martian program were
carefully analyzed at the Fifth International Conference on the

Origin of Life which was held in Kyoto, Japan, in 1977, and, at the
sixth meeting in Jerusalem in 1980.

Since that time, the growing interest in the subject has been

demonstrated by the number of scientists from different disciplines

and from different countries who have joined the Society for the

Study of the Origin of Life. Apart from the international meetings

held every 3 years, regional meetings in the United States, Europe,

Japan, and India keep alive the expanding interest in the subject, of
fundamental importance to all science.

SUGGESTIONS FOR FURTHER READING

Bernal, J. D.: The Origin of Life. World Publishing Co., Cleveland,
Ohio, 1967.

Haldane, J. B. S.: The Rationalist Annual, 1929.

Oparin, A. I.: The Origin of Life on Earth, Third edition. Academic
Press, New York, 1957.
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III. THE TWO RECORDS:

IN THE ROCKS AND IN THE CELLS

From the perspective of the long sweep of human history, over

the past two centuries or so, less than a dozen human generations,
scientists have begun to study, and to comprehend, the history of life

on this planet. Progress has been impressive - nearly 200,000 spe-
cies of fossil organisms have been discovered and described; the
evolutionary continuum that links life of the modern world to that

of earlier biotas has been extended far into the geologic past; and

great strides have been taken toward deciphering the timing and
nature of the major events in the development of life on Earth.

Early investigators interested in the history of life concentrated

on those problems most readily amenable to investigation, and

already by the mid-1800s when Darwin's On the Origin of Species
first appeared, the broad outlines of the history of animals and

plants were rapidly coming into focus. Indeed, it is this fossil

record - that of the "Phanerozoic Eon" of Earth history, the ages of

trilobites, coal swamp flora, dinosaurs, and the like - that normally
comes to mind when one thinks of the history of life on Earth. Yet

the Phanerozoic extends only a scant 600 m.y. into the geologic past

(fig. III-1). But this is only 15% of geologic time. What came before,

during the first 85%? How long before the advent of visibly large life

did the earliest organisms first appear? And what does the geologic
record reveal about the origins of life itself?. These questions and

others like them have long been pondered - indeed, Darwin regarded

their solution as a necessary prerequisite to ultimate acceptance of

his theory of evolution - but it has only been within the past quarter

Finely layered stromatolitic structures, of bacterial and/or

blue-green algal origin, from Early Precambrian rocks near

Bulawayo, Rhodesia, about 2600 million years in age. These

structures are among the oldest stromatolites - and thus

among the oldest fossil evidences of life - now known.

Photo courtesy of J. W. Schopf
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Figure 111-1 .- A summary chart showing the known geological distribution of

Precambrian fossil microorganisms (microfossils) and stromatolites. Photo

courtesy J. W. Schopf
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century or so that they have also proved amenable to scientific

inquiry. Here, too, progress has been impressive - in recent years the
known fossil record has been extended further and further into the

remote past. The oldest known fossils are about 3.5 b.y. old, an age
approaching, but markedly less than, the oldest rocks (approximately
3.8 b.y. old) on Earth, only one billion or so years younger than the
age of the planet itself.

THE AGE OF THE EARTH

Knowledge of the age of the Earth is of fundamental impor-
tance to our understanding of the time when life originated. To fix
the age of the Earth, one must determine the isotopic abundances of
certain elements.

The isotopic composition of lead (Pb) at the time of formation

of the solar system can be accurately determined by measurements

of Pb in certain undifferentiated meteorites rich in water, carbon
dioxide, and other volatile materials. Assuming the mantle source of

terrestrial lead has always been a well-mixed reservoir containing
uranium (U) and thorium (Th), decay of 23aU, 23sU, and 232Th will

enrich this primordial lead in the radiogenic daughter isotopes to the
extent observed in modem samples of lead from Earth's mantle in a

time of 4.43 b.y. Measurement of lead samples of various ages,

extending back to 3.8 b.y. ago, shows that the assumption of a

well-mixed reservoir is a good, but not perfect, approximation.
Correction of the calculated age of the Earth for the observed devia-

tion from a uniform source leads to an age about 100 m.y. older; i.e.,
4.53 b.y.

Accurate measurements by U-Pb, and other isotopic clocks in

meteorites, yield 4.55 -+0.02 b.y. for the time of formation (or differ-

entiation) of their parent bodies. Measurement of the decay products

of extinct radioactivities; e.g. aluminum (26A1) and iodine (129I),

shows that those bodies in the solar system from which the meteor-

ites were formed are within about 1-100 m.y. of the time at which
the forming solar system itself was produced.

Formation of the Sun and planets post-dates this time. Thus,
the age of the Earth is firmly bracketed between 4.65 b.y. and
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4.43b.y. Thecompleteaccumulationof theEarthisthoughtto have
takensomewhatlongerthanthat of themeteoriteparentbodies,and
it is thereforeunlikely that the Earth is older than4.55b.y. Most
likely the "corrected" leadisotopeageof the Earth(4.53b.y.), as
discussedabove,iswithin 50m.y.of thetimeat whichtheEarthwas
formedanddifferentiatedinto silicatemantleandiron core.Thereal
uncertaintyin this figurecouldeasilybe40m.y., but is unlikelyto
be aslargeas 100m.y. A valueandrangeof 4.50 -+0.1b.y. would
seemconservative.This impliesat least0.5b.y. - indeed,something
like 0.6 or 0.7 b.y. - between(1) the formationof the Earthasa
soliddifferentiatedplanetand(2) theoldestknownrocks.

VISIBLE TRACES IN THE ROCKS

What then is known about the history of life on Earth? What

were the trends that shaped the course of evolution, and over what

time periods did they occur?
Two generalizations are clear. First, the history of life on Earth

is on the whole the history of microscopic, rather than of visible,

organisms. Because of our naturally anthropocentric myopia, as well
as the relative ease with which fossils of the larger plants and animals
can be discovered and studied, the history of organisms large enough

to be seen with the unaided eye has received a disproportionately

large share of scientific attention. The real situation is vastly differ-
ent. Indeed, it is now known that the Earth's biota was composed

solely of microscopic forms of life and their colonies for nearly 85%
of the total history of life on this planet. All larger organisms are by

comparison recent additions, interesting and significant, but they
have been preceded by a long and well-developed evolution of

microscopic forms.
Second, the type of life inhabiting the globe and the nature of

evolutionary trends through time depend upon the peculiar geology

of our planet. Earth, unlike all other known bodies of the solar sys-

tem, is an aqueous planet, some 71% of its surface being covered by

a thin, watery veneer. It is thus not surprising that liquid water

(H20) is the major component of every known form of life. Water is
the "universal solvent," the fundamental medium without which life
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aswe know it could not occur.As anecessityfor life, then, water
serves also to limit life, and one of the principal themes that charac-

terized the evolution of both plants and animals during Phanerozoic

time was the development of structures and biochemical processes
that enabled these life forms to spread to the land surface where

water was in short supply. Indeed, many of the major evolutionary
innovations of the Phanerozoic concerned the relations between

water and life, such matters as the developments of lungs and of

hardshelled eggs in animals, and the origin of seeds and of specialized

pollenation mechanisms in plants, both once novel biological solu-
tions to the scarcity of water on land.

Another important generalization concerning the fossil history
of life is its unevenness. Some portions of the record are well docu-

mented and understood, but others are nearly unknown. It is a gen-

eral, but not a perfect rule, that the older the material, the poorer

the record. For markedly different phases of the fossil record,
"eons" can be recognized:

1. The classical fossil phase: The Phanerozoic Eon, extending
from about 600 m.y. ago to the present, is far better understood

than any of the earlier phases; literally thousands of richly fossilifer-

ous deposits of this age are known, units that collectively provide a

sound and rather detailed basis for understanding the major aspects
of the history of life.

2. Before the classical fossils: The Proterozoic Eon, extending
from about 2500 m.y. ago to about 600 m.y. ago, when the Phanero-

zoic began, is understood only in outline; the total fossil record now
known consists of three kinds of deposits: (a) There are about a

dozen latest Proterozoic (690 to 600 m.y. old) fossiliferous deposits

with large organisms primarily as sandstone impressions. (b)There

are also about 150 microfossiliferous deposits (fig. III-2), spread

somewhat unevenly throughout the eon (very roughly, 10-25 depos-

its per 100 m.y. during the later Proterozoic and only 1-5 deposits
per 100 m.y. within the earlier portion of the eon). And (c) there are

hundreds of limestones and dolomites that contain the structures

called stromatolites. These structures are layered, commonly mound-

shaped, sedimentary rocks. They were built over time through the
growth and metabolic activities of whole communities of micro-

scopic organisms; but, with rare exceptions, they do not contain

fossil remnants of the bodies of the microorganisms responsible for
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Figure III-2.- Prokaryotic microfossils about 850 m.y. oM (Late Precambrian)

from carbonaceous black chert of the Bitter Springs Formation of central

Australia.
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their construction. They are traces, rather than fossil organisms
themselves. Research in this phase is vigorous and ongoing; over the
past two decades it has resulted in substantial increases in our knowl-
edge about Proterozoic evolution.

3. The ancient phase: The later portion of the Archean Eon,

extending from 3.5 to 2.5 b.y. ago, is very poorly known. Here, the
whole fossil record consists only of some seven or eight stromato-
litic deposits, and of a few units known to contain microfossils or

suggestive microfossil-like objects. Indeed, only one diverse, cellu-
larly well-preserved microbiota has as yet been detected in rocks of
this age. The oldest assured, bona-fide records of life now known are

those contained in the sediments of the Warrawoona Group of

Western Australia (fig. III-3). Those rocks are approximately 3.5 b.y.

\

Figure !11-3.- Filamentous, prokaryotic (i.e., bacterium-like) microfossils in
petrographic thin sections of carbonaceous chert from the Early Precambrian
(ca. 3.5 b.y. old) Warrawoona Group in the North Pole Dome region of the
Pilbara Block, northwestern Western Australia. Photo courtesy of J. W. Schopf.
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old; evidence indicates that diverse types of microorganisms, prob-

ably including photosynthesizers, were already extant at that time.
4. The most ancient phase: The Early Archean (Hadean),

extending from the time of formation of the Earth, 4.5 b.y. ago, to

about 3.5 b.y. ago, is all but unknown; only one rock unit has as yet
been detected in this oldest portion of the geologic column, and that

unit (the Isua Supracrustal deposits of western Greenland) has been

severely altered by postdepositional motion, heat, and pressure.

Indeed, the sequence has undergone at least five stages of alteration,
including severe metamorphism (technically of amphibolite-grade,

viz., to 5000-600 ° C, and 2-8 kilobars), a sequence of events so
severe as to make meaningful interpretation of the Isua "fossil

record" virtually impossible (if, in fact, organisms that could give rise

to a fossil record actually existed in Isua time). Isua has been studied

mainly over the last 5 years.
Thus, the fossil record as now known - rich and varied as it is

in younger rocks, and scant to nearly nonexistent in older rocks -

provides only the most limited insight into the timing and nature of
those events that led to the origin of life. The evidence establishes

that communities of complex, diverse microorganisms were extant at

least as early as 3.5 b.y. ago, and that these organisms resembled
modern bacteria in morphology, in ecology, and perhaps in biochem-

istry. Certainly, the origin of living systems must have occurred some

time earlier, perhaps long before 3.5 b.y. ago. When it occurred, and

how long the origin-of-life event took, is certainly not known.

THE CARBON CHEMISTRY OF ANCIENT ROCKS:
AN OPPORTUNITY

As just discussed, rocks more than a few billion years old are

scarce, not because only few of them were made but because their
survival has been difficult. The examples that we have are, quite

literally, battered veterans. Even the layered pattern of stromatolites

rarely remains. If the rocks themselves have been mostly destroyed

or significantly altered, it follows that their organic molecular con-
stituents, which are much more fragile, must be in relatively poorer

shape. Delicate information-rich biological macromolecules have not
a chance of survival intact. On the other hand, not all organic matter
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hasbeensodrasticallyalteredthatthestudyof organicgeochemistry
of ancientrocksis reducedto thestudyof plaingraphite.Thereisa
continuumbetweenthe extremesof "DNA" and"graphite."Sedi-
mentaryorganicmaterialsmust inevitablymovealongthis contin-
uumastimeprogresses.As wemovebackmorethan2.5b.y. before
the presentinto the Archean,the questionarisesasto whatwewill
find first: Theoriginof life?Totaldegradationof all organicmaterial
to uninformativegraphite?Or the end of the record?For at least
15years,everygenerallyacceptedminimumdatefor theappearance
of life on Earth hasbeenbasedon morphologicalevidencealone
(stromatolites,microfossils),i.e., visibleor microscopictraces,not
molecularones.Chemicalanalyseshavebeenviewedassuggestive,
but not compelling.Theapproachsuggestedhereacknowledgesthe
preeminenceof suchmorphologicalevidencewhenit comesto ayes
or no questionaboutthe existenceof life, but thenworkstoward
more insight.Specifically,if micropaleontologistscanshowwhere
life existed,then perhapsorganicgeochemistscan further support
that interpretationand can determine what kind of life it might have
been.

The most important advance in organic geochemistry during the
past 10 years has been the emergence of a coherent view of the

nature and role of the substance called kerogen. This material is a

blackish and insoluble macromolecular complex dispersed in sedi-

mentary rocks and comprising the great majority of organic matter in

sediments. It has effectively resisted many efforts at detailed macro-

molecular structural analysis, presumably because it lacks the regular

structure like coal or the asphaltene particles in petroleum. But it is

now recognized as a product of geochemical reactions occurring over
a very long period of time. "Protokerogen," an organic substance

composed mainly of cellular degradation products, is formed today
by living microbial communities in modern sediments. It is added to

and modified by a series of reactions grading from the microbiologi-

cal through the high-temperature geochemical. The present level of
understanding is not complete and does not fully extend into the
Precambrian, but it raises questions regarding chemical fossils and

points the way to useful investigations of kerogens.

The times of the origin of photosynthesis, of respiration, of

other biochemical processes of great ecological significance are not

now known. Morphological evidence alone is unlikely to be decisive
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in fixing thesedates,but it doesseempossiblethat both chemical
and isotopic investigationsmight be of substantialuse.Kerogen
analysesmight follow anapproachalreadyhighlysuccessfulin other
fieldsof geochemistryandconcentrateondeterminationsof stable
isotopesof the elementspresent.It seemslikely, for example,that
any shift in the modeof primaryproductionof polyatomiccarbon
molecularskeletons- chainsandringsand the like - wouldhave
beenaccompaniedby someshift in theratioof light to heavycarbon
isotopeswithin thereducedorganicmatter.

Whateverelsethey mightdo, kerogenanalysesmustdealwith
the fact that differencesobservedbetweenspecimensareaslikely to
be due to postdepositionaleffectsasto differencesin the original
communities.The mineralogy,asit pertainsto the originandevolu-
tion of the rocks,and the structuralgeologyof a givenrock unit
mustbeconsideredin additionto its organicgeochemistryif this is
to be doneadequately.Suchinvestigationsarebecomingmorefre-
quent, with many investigatorsrealizingthat the methodsthey
chooseshouldbe designedboth to decode the chemical message

which might describe the original community and to assess the state

of preservation of that message.

It seems appropriate in the study of microfossils with single
structural morphology, such as most of those found in the Archean,

to seek chemical-supporting data to establish their biological origin.

Combined electron microprobe-scanning, electron microscope sys-

tems can now detect C, N, O, and P in micron-sized objects within
reasonable limits of error. Micropaleontologists, using, e.g., micro-

probe techniques capable of detecting elements with atomic numbers
as low as carbon, may be able to resolve details of the original

organisms that left their remains.

Just the same, Precambrian paleobiology has now made notable
advances. These include the certain great antiquity of now uncon-

tested stromatolites, the wonderful Ediacaran fauna, the Bitter

Springs, Gunflint, Transvaal, Belcher Island, and Fig Tree microfos-

sils, and the oldest "North Pole" finds from W. Australia. Some of

these deposits contain an abundance of well-preserved forms, e.g.,

Gunflint, Bitter Springs; others contain only relatively few forms,

most of which are broken "debris," e.g., Transvaal. What is note-

worthy is that these micropaleontological and organic geochemical

findings can be related in some degree to living analogues.
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Thepursuitof kerogeninvestigation,togetherwith relatedbio-
logicalandgeologicalstudies,seemsvery likely to fulfill its promise.
Organicgeochemistsnow appearto havea goodchanceto makesig-
nificant contributions,lessto the blunt question"when did life

arise?" than to the much more detailed set of questions dealing with

the biochemical natures of the ancient communities once they are
disclosed to the searching paleontological eye.

THE RECORD IN LIVING FORMS

While the paleontologist studies the fossils that the old organ-

isms left in the rocks, the biochemist would like to study the biologi-
cal processes in those earliest organisms. The descendants of those

ancient organisms are alive today, and they, with their molecular
traditions from the past, can be the subject of the biochemist's

investigations. Some of these traces exist in a form much changed
from the original, while others appear to have been handed down to

generation after generation, practically unchanged. One important

simple tenet of evolutionary theory is this: If several organisms are

found to share a certain trait, that trait was most likely inherited
from a common ancestor rather than evolved independently on

several separate occasions. But certain important features are now

shared in identical form by every organism extant. For instance, all

life contains one set of amino acids, the building blocks of proteins,

and one set of nucleotides, the building blocks of nucleic acids (ribo-

nucleic acid (RNA) and deoryribonucleic acid (DNA), the genetic
material). The main features of the complex system which serves to

pass genetic information from one generation to the next are shared

by all organisms. That is a clean example of what biochemistry can

tell us about early common ancestors of all life: They contained

nucleic acids, spelling out a genetic code for proteins, and they passed
these down to all life forms present today. The random reorderings

of amino acids and nucleotides observed in functionally related

polymers must have evolved over the eons through various shuffling
and mutational events. Locked in the arrangement of the monomers

in various polymers in the cells of organisms is a coded record of the

evolution of these organisms. The key to reading this record lies in
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modern methods for "sequencing"or determining the detailed

arrangement, one after the other, of nucleotides in nucleic acids and

the amino acids in proteins. Since the information for the sequence
of amino acids in proteins is carried in the nucleic acid hereditary
material, the sequences of both these polymer classes reflect evolu-

tionary changes handed down from organism to organism. Sequenc-
ing the proteins or the nucleic acids allows the estimation of genea-

logical relationships among organisms presently alive. We can trace
relationships among a group of organisms back to a common ances-
tor of that group that lived hundreds of millions or even billions of

years ago.
The way this is done is to compare the sequences of related

proteins or nucleic acids from a number of organisms. The degree of
difference or diversity between these sequences is determined. The

information concerning the degree of diversity among sequences can
be used to estimate the order and perhaps the relative times of

divergence of species from their ancestral relatives (fig. III-4). We can
estimate how old a particular family of organisms is by determining

how diverse the sequences within chosen molecules are among its

member species. If a family exhibits a relatively high level of

sequence diversity, it is held to have existed as a group for a rela-

tively long time.

THE KINGDOMS OF LIFE

Genealogical relationships traditionally have been defined by

such characteristics of organisms as shape, photosynthetic ability,

and mode of cell reproduction. Now we use the biochemical record

to define groups in terms of shared genetic information. For many

years, all life was held to be divided into only two major kingdoms:

the plant kingdom, studied by botanists, and the animal kingdom,
studied by zoologists. More recently we recognized that all plant and
animal cells exhibit fundamental properties not shared by bacterial

cells. The present view groups all cellular life into two major divi-

sions: the prokaryotes and the eukaryotes. Prokaryotic cells, all bac-

terial, are generally small, simple, relatively undifferentiated cells.

Eukaryotic cells, which make up all the plants and animals, fungi,
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Figure 1II-4.- Genealogical trees can be deduced from molecular-sequence
information. Each box in the figure represents an organism, and the numbers

indicate how many of the building blocks of a 200-block-long molecule in the

organism are in the same arrangement as this molecule in organism A. Thus, the

molecule in question in organism B has many building blocks (190) in an

arrangement identical to organism A's molecule. This indicates they diverged
from one another relatively recently. Organism D's molecules, on the other

hand, has fewer blocks (100) in the same order as organism A 's, indicating that
they diverged from one another a long time ago. Organism C exhibits an inter-
mediate time of divergence.

and algae, are generally larger, more complex, and internally differen-

tiated (containing several types of internal organelles which them-

selves are related to the free-living bacteria).

The Eukaryotes

One evolutionary puzzle that has responded to the biochem-

ists' scrutiny is that of the origin of the eukaryotic cells (the

nucleated cells of all larger forms of life). The currently accepted
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theory of the origin of these cells (the serial endosymbiotic theory)

postulates that they arose by symbiotic association between some
unknown pre-eukaryotic cells (urkaryote) and certain types of

prokaryotes, then free-living (fig. III-5). These symbioses gave rise to
structures recognizable today as intracellular organelles, introduced

in one step, not incrementally evolved. The organelles of eukaryotes,

thought to have originated from living bacteria, are mitochondria,
which react with chemical substrates and atmospheric 02 to produce

chemical energy within all types of eukaryotic cells, and the plastids,

subcellular sites of photosynthesis which convert radiant energy from

light to chemical energy in plants and algae. All these quite com-
plex organelles have their own nucleic acid genetic material, and they

produce their own distinct proteins. The sequence of some protein
molecules in organelles has been compared to that of similar proteins

in extant prokaryotes. The amino-acid sequences of certain proteins

in the plastids which have been examined indicate a close relationship
to certain prokaryotes, particularly to the photosynthetic oxygen-

producing cyanobacteria and prochlorons. The relationship of the
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Figure III-5.- A schematic illustration of the endosymbiotic theory of the origin
of plant cells. Bacterial entities from the cyanobacteria (blue-green algae)group
and the purple bacteria group were engulfed by an urkaryote and formed today's
chloroplasts and mitochondria, respectively. Animal cell mitochondria probably
have a similar origin, although their ancestry has not been clearly established.
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mitochondria to prokaryote ceils is not as clear, though the mito-

chondria exhibit a relationship to the purple bacteria. As a whole,
though, the information contained in the biochemical record to date

strongly supports the endosymbiotic theory of the origin of eukary-

otic cells. Eukaryotes can be seen as evolutionary mosaics, depending
on contributions joined from several distinct lines of descent.

The Prokaryotes

Study of nucleotide sequences (16S RNA) in a large number of

bacteria has lately revealed their enormous biochemical diversity.
One group is called the eubacteria (true bacteria) and another called

the archeabacteria (old bacteria). Still a third group, called the

urkaryote, is represented by that part of the eukaryotic cell which is

external to the organelles. The eubacteria and archeabacteria are no
more closely related to each other than each is related to the third

component, the cytoplasm. There are a great number of extant

eubacterial species, but relatively few known archeabacterial species.
Despite the paucity of extant species, the archeabacteria appear to be
an ancient group which exhibit as much diversity as the eubacteria.

Its members are generally restricted to unusual niches in the environ-

ment, hinting that the group might have originated during a period of

Earth's history when prevailing conditions were different than they
are today. The two bacterial groups together reveal greater biochem-
ical diversity than all the extant eukaryotes.

The Antiquity of Biochemical Traits

The biochemical record can also yield inferences about the

traits or phenotypic features possessed by very early organisms. A

trait is an unlikely candidate for an ancient phenotype if the groups
of organisms which now share the trait have all diverged from ances-

tral lines which did not possess it. A trait is probably not very old
also if all extant organisms which possess it are closely related in
terms of their biochemical record, indicating a recent time of diver-

gence from ancestral lines. Conversely, if a trait is shared by groups
so diverse that their biochemical record indicates a very ancient
relative time of divergence, that trait may well have been possessed
by very early organisms.
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The first trait aboutwhichwehaveevidenceconcernsoxygen
utilizationby earlyorganisms.Thereissomegeologicalevidenceindi-
cating that on the very early Earth (Archean Eon) oxygen was much
less abundant in the atmosphere. It is generally believed that signifi-

cant quantities of oxygen first accumulated as the result of biological

photosynthesis, a process in which free oxygen is a by-product. It is
therefore thought that the first organisms must have been nonoxygen

users, or anaerobes. The biochemical record supports this belief.

Based on sequencing of nucleotides, anaerobic eubacteria are ancient

compared with their aerobic counterparts. The major groups of the
eubacteria are basically anaerobic, and the aerobic pheriotype

appears to have arisen relatively recently several times from various

groups of anaerobic organisms.

Recent studies have shown that oxygen-using enzyme systems

in eukaryotic organisms require orders of magnitude less oxygen to
function than that in the present atmosphere. These findings suggest

that aerobic biochemical processes may have arisen earlier than wide-

spread aerobic life.

Even more fundamental is the nature of the energy source of

the oldest organisms for which we have some clues. The biochemical

record of the eubacteria has been examined to seek an origin for

photosynthesis as a cellular trait, and suggests that photosynthesis is

indeed ancient. Major eubacterial groups are photosynthetic; e.g., the

purple photosynthetic bacteria, the cyanobacteria (blue-green algae),

and green sulfur photosynthetic bacteria. Furthermore, nonphoto-

synthetic phenotypes have arisen several times from lines already

photosynthetic (fig. III-6). For instance, the nonphotosynthetic,
common, human intestinal bacteria, E. coli, most likely arose from

the group of purple photosynthetic bacteria.

The usual view has been that the oldest forms of life were nour-

ished not by internal biological photosynthesis but as heterotrophs

that were supplied with energy by a rich environment, where organic
nutrients that were abundant, were produced by processes whic_ pre-

ceded life. We can find no sign of that early phase in the biochemical

record among living cells. Photosynthesis in living cells goes back as

far as the earliest groups of eubacteria. The lineages of the bacterial

cells we know do not indicate whether heterotrophic or autotrophic

life was first on the scene.
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Figure I!1-6.- Nonphotosynthetic organisms arose from photosynthetic orga-
nisms a number of times. This figure shows part of the genealogical tree of the

purple photosynthetic bacteria drawn in the same way as the top of figure 111-4.

The bacteria known as E. coli, Rhizobium and Alcaligenes are all nonphotosyn-
thetic, yet they appear to have independently arisen from the purple photosyn-

thetic bacteria line of descent. This figure also illustrates the finding that aerobic
lines appear to have arisen from anaerobic ancestry. E. coli, Rizobium, and

Alcaligenes are aerobic, while the rest of the group is anaerobic.

Finally we ask about that eukaryote component which is out-

side of all the cytoplasmic organelles - the nucleocytoplasm. It is

quite distinct in its sequencing from both bacterial lines. That allows

the idea that this urkaryote is the most ancient ancestral form we

see, though it does not require that. We expect to find in that form

only the features which the eubacteria, archeabacteria, and urkary-

ote share in common, and not much more. Those features present

include of course the amino acids and their polymers as a class, the

proteins; and the nucleotides and their polymers, the nucleic acids.
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Apart from those generalities, the details of all three groups differ.

The proteins, especially enzymes and their consequent metabolic
pathways, the cell walls, and most of the membranes differ. This

suggests that the three great groups diverged at the earliest stage,
with not much but the building blocks, the genetic code, and its ribo-

somal machinery in common.
More than that we have not been able to read from the details

of the similarities of living forms. Perhaps we should have expected
no more. For all the forms we know now are cellular, compact; the

earlier forms we are looking for have still to depend for some neces-

sity upon features of the nonliving environment, whether it be for a

source of chemical free energy, the means of replication and varia-

tion, or the simple preservation of high concentrations of key con-

stituents. All the primitive cells, we infer, are microbial, enclosed,

and can replicate using the full normal apparatus of bacteria; they

derive free energy either from some part of incident sunlight or from

an organic-rich world or both. There is still a big gap to explore. For

that we must turn to the laboratory.
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IV. THE NATURAL EVIDENCE

In chapter III we have seen how the rock record provides infor-

mation about life on the early Earth. And we have seen that this

record leaves us a gap in time from about 3.8 b.y. ago to the time of

Earth's origin at 4.5 to 4.6 b.y. ago. We have also discussed in chap-
ter I the essential elements of life. But what were the conditions

under which life originated? What was the early Earth like? To

understand this we seek additional knowledge: we must know how

the solar system formed and how the Earth formed from it. In addi-

tion, we must know the chemical behavior of carbon and its com-
pounds in the prebiological environments. Only then will we have the

knowledge necessary to bridge the gap and understand how life came
to be.

THE BIRTH OF THE SOLAR SYSTEM

Before there were any stars there was only gas, and this gas was
essentially just a mixture of hydrogen and helium. But by the time

the Sun appeared, several previous generations of stars had added
other heavier elements to this interstellar gas as a result of the syn-

thesis of elements in stellar interiors, and in the catastrophic explo-

sions of supernovae. We find evidence for this change in composition

by examining the various types of stars in the galaxy. The oldest stars

we find today (having formed at an earlier epoch) contain a smaller
amount of heavy elements than does the Sun. The age of the galaxy

is estimated to be close to 12 b.y., while the oldest stars with heavy-

element concentrations similar to the Sun's have ages of only 6 to

7 b.y. The Sun itself is about 4.6 b.y. old.
Today we can examine environments where stars form and then

try to reconstruct the conditions that preceded the appearance of the

Sun and its retinue of planets. We find these environments among the

The solar magnetic field (white spiral lines) as it might have appeared 4.5 b.y.

ago when created by the high spin rate of the Sun. This would have produced
melting of rocks in the Asteroid Belt and elsewhere in the Solar System.
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clouds of gas and dust in the spaces between the stars: the interstel-

lar medium. As we explore these clouds, we must make some allow-

ances for the further changes that have occurred since the Sun was

born; however, most of what we find today appears characteristic of

conditions that must have existed 4.6 b.y. ago.

This exploration, still in its infancy, is yielding a continuous

stream of new information about the chemical composition, mass,

and distribution of these clouds, and about the relationship of differ-
ent types of interstellar clouds to the process of star formation. It is

already clear that the sheer mass of the low-density interstellar

material dictates that most of the chemistry that goes on in the
Universe takes place in interstellar clouds.

If the material in the clouds were spread uniformly over all

space, the concentration of matter would amount to about three

hydrogen atoms per cubic centimeter. We consider two basic types of
clouds: (1) diffuse clouds, which contain little dust, and where con-

centrations of gas molecules are very low and single hydrogen atoms

are the dominant species; and (2) dark, dense clouds, which contain

abundant dust, and where molecular hydrogen gas (H 2) is the domi-
nant species. In the latter clouds the gas concentrations range from

about one thousand to about ten million molecules per cubic centi-

meter. Presumably, the material in dense interstellar clouds is utilized

in star formation. Relatively small stars, such as our Sun, are prob-

ably able to form almost anywhere in these massive interstellar
clouds. The dust in interstellar clouds is not well characterized; there

is evidence to suggest that it is composed of ice, silicates, graphite,

and both simple and complex carbon-containing compounds. While

there is relatively little information about the dust, there is a growing

body of data about the molecules present in these clouds.

How are interstellar molecules produced? First, it is necessary

to consider the environment in which synthesis might occur. The
temperatures are very low, from -236 ° C to -173 ° C. In addition, the

extremely low concentrations of molecules in the gas phase means

that collisions (and therefore chemical reactions) are generally

restricted to those that involve only two species (that are binary).

These and other constraints have led to a model for the synthesis of
interstellar molecules in dense clouds in which reactions are initiated

by collisions of ubiquitous, high-energy cosmic rays with hydrogen

and helium. These encounters produce reactive, positively charged
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specieswhichinitiate chainsof reactionsleadingto formationof the
observedmolecules.In this mannercomplexmoleculesand,perhaps
eveninterstellargrains,areconstructedwithin the clouds.A list of
moleculesobservedin theseinterstellarcloudsis givenin tableIV-1.
At this writing, morethan50 specieshavebeenidentified.Glycine,
sinceit is the simplestaminoacid(the buildingblocksof protein),
is of obviousinterestfor the originof life. To date,thesearchfor it
in the interstellarcloudshasbeenunsuccessful.Finally,in addition
to the specieslistedin table IV-l, manyotherasyet unidentified
moleculesappearto bepresent.

Alternativeschemesfor synthesisexist.Oneof thoseis thesug-
gestionthat the moleculesarenot formedin interstellarcloudsbut
rather are formed under relatively high temperaturesand high-
density conditions, such as in primordial solar nebulae.Those
nebulaearecloudsof moreconcentrateddustandgasthat form from
interstellarcloudsanddirectly spawnsuns.Regardlessof the model
chosen,examinationof the compoundsin table IV-I leadsto two
importantobservations.First, thecompoundsarechemicallydiverse
andstructurallycomplex.Second,manyof themarealsoknownto
beproducedby abioticsynthesisexperimentsin the laboratory(see
chap.V).

Clearly,the interstellarenvironment,asexoticandasseemingly
inimicalto chemicalreactionsasit mayappearat first consideration,
exhibitsa rich chemistrywhichmanifestsitself in theproductionof
organiccompoundsthat, for the most part, are familiar to the

TABLEIV-1.-SPECIESIN THE INTERSTELLAR MEDIUM

Number of aloms in the species

2 3 4 5 6 7 8 9 11

H2 HCN [I2CO CH2Nil C|t3OH C113CIIO C|tOOC]I 3 C|t3CIt_OH HC2C:C:C_C N

Ctt HaO tlNCO HCzCN N['t:CtlO CH_CHCN (CH3)2 0

CH + tl2S H2Ctt CttOOH Ctl3CH CH3NH: CH3Ctl2C N

OH OCS NH3 NH2CN HC2Ctt3 HC2C2C:CN

CN ItCO ('sN C[t a HCzC2C N

CO SO2 C4 H
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NS HNC

C:



46

earthly experience. Although many scientists believe there is little
basis for the speculation that individual interstellar organic molecules

found their way, intact and unchanged, to the prebiotic Earth's sur-

face, there is growing interest in the possibility that interstellar
molecules and dust might be preserved intact in comets and, in

altered form, in the carbonaceous meteorites. _ These possibilities

stem from the probability that all matter in the solar system origi-
nated from interstellar dust and molecules. To the extent that
comets and carbonaceous meteorites contributed mass to the early

Earth, interstellar organic compounds could have survived to take

part in subsequent chemical evolution.
Just as biological evolution implies that all organisms on Earth

have a common ancestry, so chemical evolution implies that all

matter in the solar system had a common origin. Observations of

various stages of star formation and evolution in dense interstellar
clouds support the view that our Sun and solar system formed from

interstellar dust and gas. Serious scientific consideration is being

given to the following scenario:

An interstellar cloud of dust and gas underwent gravi-

tational collapse, perhaps triggered by a shock wave

generated by a nearby supernova; thus began the
chemical evolution of the nascent solar system. Cloud

contraction led to the formation of the primordial

solar nebula, an enormous spinning disc of dust and

gas with the proto- (or newly forming) Sun at the
center. Heating, associated with gravitational contrac-

tion, produced a thermal gradient in the nebula, pos-

sibly with temperatures in excess of 1300 ° C, close to

the protosun. According to the model, the tempera-
tures were about 300 ° C at the present distance of

the Earth to the Sun, but remained low (-150 ° C)at

Jupiter's distance and beyond. While uncertainties
exist about the temperatures in the nebula, the quali-
tative trend of decreasing temperature with increasing

1Carbonaceous meteorites are so named because of their high concentra-

tion of carbon (up to 6%). The nature of this carbon will be discussed in detail
shortly.
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distancefrom the protosunseemsto beacceptable.
Coolingof thehot gasin the innernebulacloseto the
protosunled to condensationof solidmineralgrains.
As interstellargasanddustweredrawninto thesolar
nebula they would have been heatedto varying
degrees,depending on their distance from the
protosun.

Further condensationaccompaniedby aggregationof fine-
grainedmaterialyieldedplanetesimalsrangingin sizefromkilometers
to tensof kilometers.Continuedgrowthof theseobjectsby accre-
tion led ultimately to theformationof the solidbodiesof thesolar
system.Formationof organicmatterfrom gasescontainingcarbon,
nitrogen,hydrogen,oxygen,andsulfur couldhaveaccompaniedthe
condensationprocesses;mineralgrainscouldhaveprovidedsurfaces
to catalyzethesynthesis.Aspreviouslynoted,in theouterregionsof
the nebula, temperatureswould haveremainedlow (_-150° C).
There,low-temperatureaccretionof organicandinorganicmaterial
into planetesimalscouldhavetakenplace,allowingthe preservation
of the icesandothervolatilecompoundsoriginallyin theinterstellar
mediumaswellasthe raregaseshelium,argon,neon,krypton, and
xenon.Thus, from the solarnebulacametheSun,the planetsand
their satellites,comets,meteorites,and asteroids.In general,it is
thoughtthat materialaccretedin the innersolarsystemoriginatedat
relativelyhigh temperaturesandwasdepletedin volatilesubstances,
while the materialsthat accretedin the outer solar systemwere
volatile-rich.The validity of this simplemodelhasbeenand con-
tinuesto be subjectedto critical assessment;inevitably,astheory,
experiments,and observationsprogressthe model will undergo
changes,perhapsso many that a new model will emerge.In the
meantime,it providesa usefulframeworkwithin whichto discuss
variousaspectsof inorganicandorganicchemicalevolution.

COMETSAND METEORITES

Comets occupy an especially interesting place within this

framework. They may have been a source of part of the atmospheres
of the terrestrial planets, and they are believed to have been the
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planetesimal-likebuildingblocks for someof the outerplanetsand
their satellites.Presentknowledgeplacestheoriginof cometsin the
outer regionsof the primitivesolarnebula,both in andbeyondthe
spacenow traversedby the giantplanets(Jupiter,Saturn,Uranus,
andNeptune).Perturbationof their originalorbits,by theformation
of thesegiantplanets,is believedto havesentsomeprotocometary
bodiesinto the innersolarsystem(to collidewith theSunandinner
planets- Mercury,Venus,Earth, andMars)andothersinto orbits
extendinggreatdistancesfrom the Sun(up to 50,000astronomical
units (AU); 1 AU = 150X106 km, or the distance from the Sun to

the Earth).
Comets consist of a nucleus, a coma, and a tail (see fig. IV-l).

According to a current model, comet nuclei contain simple and com-

plex organic molecules, and meteorite-like dust and rock imbedded
in a matrix of frozen water, possibly solid carbon dioxide and other

ices. As comets approach the Sun, heating occurs and the ices vapor-

ize, ejecting volatile "parent" compounds (possibly water, carbon

dioxide, methane, acetylene, ammonia, hydrogen cyanide, etc.) and
entraining nonvolatile dust and rock from the nucleus. In the coma

that results, interactions of the gaseous parent compounds with solar
radiation can lead to physical and chemical processes that cause the

partial to complete breakdown of the so-called parent molecules to

"daughter products." The uncharged daughter products are observed
in the coma, whereas the positively charged ones are observed in the

tail. According to an alternative view, all the observed daughter prod-

ucts already existed "frozen" in the nucleus of the comet, and were

simply released directly into the coma by evaporation. In addition to

the species indicated in table IV-2, metallic elements (iron, silicon,
magnesium, calcium, nickel, sodium, chromium) have been detected

by means of spectroscopic analysis of comets that pass very close to
the Sun, and of meteor showers associated with comets. The relative

abundances of these elements suggest similarities between the chemi-

cal compositions of cometary dust and carbonaceous meteorites.
The nucleus of a comet is thought to be small, typically 1 to

10 km diam, but no direct measurement of a nucleus has ever been

made. Nuclei appear as small points of light imbedded within the

bright and extensive coma of the comet. The mass of nuclei could

range from 101 s to 10 is g. The light from the visible coma and tail
is emitted by atoms and molecules that have interacted with solar
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Figure VI-1.- A comet showing the major features and species observed in the
coma and tail

TABLE IV-2.- SPECIES IN COMETS

HCN

CHsCN

H20

C02 a

NHs

Coma

CN NH2 H20 +

CH C3 CO2 +
OH

CO

NH

C2
CS

Tail

N2 +

CO+

CH +

OH +

aSuggested parent molecules, not detected.
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radiation. The size of the coma is remarkable as measured by the

light emitted by the atomic hydrogen in it. The coma may be
_>1X 10 6 km in radius. The tail, composed of dust grains and charged

molecules, is even larger, >100×106 km in length in some cases.
When comets become visible in the inner solar system they can be,

spatially, the largest objects in the sky, bigger than the Sun itself.
As mentioned above, comets are believed to be material con-

densed and accreted in the outer regions of the primitive solar

nebula. Thus, a relationship may exist between interstellar matter
and the dust and molecules that make up comets. If one compares

the molecules observed in interstellar clouds (table IV-I) and in the

coma and tails of comets (table IV-2) there do seem to be similarities

between the populations. For example, both contain cyanide, and

derivatives with a "CN" group. It is also possible that comets are
related to some of the carbonaceous meteorites in that the latter

objects, less rich than comets in various forms of the volatile ele-
ments and organic matter, may be derived from remnants of volatile-

depleted, moribund comets. It is appropriate to note that if comets
do not contain relatively unaltered interstellar matter, and if they

formed at the outer edge of the solar nebula, where temperatures

were sufficiently low to condense gases like carbon dioxide and

water, then the presence of parent organic molecules in comets is
difficult to understand. No widely accepted model exists for the

chemical reactions that could have occurred in the solar nebula to

yield the chemistry of comets. Indeed, in the absence of direct
observations of the nucleus, our knowledge of comet chemistry is

unfortunately sparse and model-dependent. Since comets may

represent a chemical evolutionary link between the primitive solar
nebula and the interstellar medium but are poorly understood, their

direct study by space probes constitutes a high-priority objective for

many scientists.
Unlike comets which have only been observed from afar, meteo-

rites are rock samples of extraterrestrial origin that have survived

passage through the atmosphere to the Earth's surface and are avail-
able for direct examination. Preserved in these objects are chemical,

mineralogical, and structural information about the nature of the

environments and the processes involved in their formation. Indeed,

recent discoveries of anomalies in the isotopic composition of some

elements (e.g., oxygen, aluminum, magnesium, noble gases) in
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meteoritesevenprovidea connectionwith nucleosyntheticevents
that precededthe solarsystem,perhapsthat triggeredits formation.
With fewexceptions,the agesof meteoritesfall within the rangeof
4.6 +0.1 b.y. Since these objects constitute the oldest datable

material now available, their study provides clues to the very early
history of chemical evolution in the solar system. Although some

uncertainty remains in identifying the source(s) of meteorites, there
appears to be agreement that most were derived from asteroidal

parent bodies, either in the main asteroid belt or those with Earth-

crossing orbits or both. Some meteorites may be fragments of the

inactive cores of ice-depleted short-period comets. According to a
current scenario for solar-system origin, meteorites and the bodies

from which they were derived (parent bodies) were formed as a

result of the condensation and early evolution of planetesimals from

the primordial solar nebula; these represent the building blocks from
which solid planets and moons were assembled.

Because of turbulence and thermal and pressure gradients in the

nebula, solid material that condensed at widely different radial dis-

tances and, therefore, different physical and chemical environments,
could have been brought together and assembled into a common

body. In this context, protoasteroidal and protocometary bodies
may be viewed as components of a distribution of planetesimals
that accumulated increasing proportions of ice and other volatile-rich

phases. The accumulation of the diverse ingredients into parent

bodies, possibly resembling asteroids, would have been accompanied
by various processes which would have further influenced the chem-

istry, mineralogy, and structural features of the material and, to vary-
ing degrees, masked the features that would have been characteristic

of primary solar nebula condensates and of originally interstellar

material. Presumably, perturbation of a parent body, perhaps by
collision with another object, yielded fragments of the bodies, some

of which eventually fell under the influence of the Earth's gravita-
tional field.

Meteorites can be placed in two general categories: (1) partially
to fully differentiated and (2) undifferentiated objects. Differen-
tiated meteorites exhibit strong chemical fractionation relative to

average solar-system composition as represented by the Sun; they
show clear evidence of having been derived from parent bodies that

have undergone processes analogous to planetary core formation
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and volcanism.Evidently, partial melting of primitiveundifferen-
tiated material in asteroidal-sizedbodiesgaverise to the oldest
basaltsin the solarsystemat about4.5 b.y. ago.Elucidationof the
circumstancesof early differentiation of somemeteoriteparent
bodiesandthenatureof theheatsourcesinvolvedmayhavemuchto
tell usabout the courseof the Earth'sdifferentiationto form the
mantleandcore,andits subsequentthermalhistory.

Undifferentiatedmeteoriteshaveelementalabundancessimilar
to thosefound in the Sun.Amongthesemeteorites,the carbona-
ceouschondritesareclosestto theSunin bulk elementalcomposi-
tion and are consideredto be amongthe least fractionatedand,
therefore,mostprimitivesolidobjectsavailablefor studyin thesolar
system(fig. IV-2). It is noteworthy, however, that relative to the
Sun, even the carbonaceous meteorites are depleted in hydrogen,

carbon, nitrogen, and noble gases. Observations indicating less

depletion of these elements in comets signify that comets are even

more primitive bodies than meteorites.
Carbonaceous meteorites consist of complex assemblages of

relatively fine-grained mineral and organic matter that reflect a broad

range of elemental compositions and textures. This is indicative of
wide variations both in the environments of origin for the various

components and in the evolution of the respective parent bodies.

For present purposes, we consider the classification of carbonaceous
meteorites into three types: CI, CII, and CIII. Major differences

among these types lie in their content of volatile elements and miner-
als of high-temperature origin; these are inversely correlated. Accord-

ingly, the amount of organic matter increases in the order CIII, CII,

CI, with the CIII containing about 0.5% and the CI having about 5%

by weight. Similarly, minerals exhibiting a high-temperature history
occur most abundantly in CIII meteorites, along with metals (iron

and nickel). These minerals exist only in low to trace amounts in CII

meteorites and are virtually absent in the CI meteorites.
Mixtures of clay-like minerals comprise the predominent miner-

als in CI and CI1 meteorites (50% to 80%) and a minor proportion in
some CIII meteorites. These minerals resemble terrestrial clays in

crystallographic structures, and the mixtures exhibit bulk elemental

compositions remarkably similar to the pattern of solar abundances.
Recent research suggests that like terrestrial clays, the clay-like

materials in carbonaceous meteorites were formed in an aqueous
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Figure IV-2.- The Murchison carbonaceous chondrite. Most of our understand-

ing of the organic matter in meteorites has been derived from studies of the
Murchison meteorite.

environment. Thus, the oldest known clays in the solar system were

probably produced on parent bodies of carbonaceous meteorites.

The organic matter in carbonaceous meteorites occurs in various

forms. A high-molecular-weight complex material characterized by

insolubility in solvents and acids makes up the major carbon-

containing component in all three types of meteorites. (Terrestrial

sediments contain a material called "kerogen,'" which has similar

characteristics but is obviously of different origin.) The source(s) and

production mechanism(s) for this insoluble material are unclear, but

may involve interstellar environments as well as environments in the
solar nebula and on the parent bodies themselves.
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Solvent-extractable organic matter in CII meteorites (i.e.,

the Murchison meteorite) is distributed among a variety of com-

pound classes: alcohols, aldehydes, amines, amino acids, carboxylic
acids, hydrocarbons (aromatic and aliphatic), ketones, purines,

pyrimidines, etc. Carbon species found in the Murchison meteorite

include the following:

1. A carbonaceous phase not affected by solvent

2. Carbonate
3. Hydrocarbons (aliphatic and aromatic)

4. Carboxylic acids
5. Amino acids

6. Ketones and aldehydes

7. Urea and amides

8. Alcohols

9. Amines

10. Nitrogen-containing heterocycles

More detailed information on these chemical compounds will be pre-
sented in the next chapter. At most, these compounds constitute

30% of the total carbon, and less than 0.5% of the total mass of the
meteorite samples in which they are found. Some of these com-

pounds have been sought and found in other carbonaceous meteo-
rites, but only the Murchison meteorite has been studied in great
detail because of the availability of samples and its relative freedom

from terrestrial contamination.
The variety of types of compounds found and their molecular

structures point to origins in nonbiological processes. However, the

nature of the processes and where they occurred remain to be clearly

established. Electric discharges and other gas-phase processes and gas-

solid reactions requiring catalytic grain surfaces could have taken

place both in the nebula and on parent bodies. An interstellar origin
for some of these compounds should also be considered.

Recent isotopic studies of organic matter in carbonaceous

meteorites have revealed that large differences exist in the

deuterium/hydrogen, carbon- 13/carbon- 12, and nitrogen- 15 /

nitrogen-14 ratios associated with different organic components
within the same meteorite. Although the full implications of these

findings remain to be elucidated, the magnitudes of the isotopic
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variations and their occurrencesamong different components
stronglysuggestthat morethanonesourceregionand/ormorethan
oneproductionmechanismmusthavebeeninvolved.

Evidencethat the claysin carbonaceousmeteoriteswerepro-
ducedin secondaryaqueousalterationprocessesraisesthepossibility
that someof the organicmatter mightalsohavebeenproducedat
the sametime by alterationof preexistingcompoundsby water.Pos-
sibly, simple species(such as cyanidecompounds),which occur
abundantly in the interstellarclouds(table IV-l) and havebeen
observedin comets(tableIV-2), couldhavebeenpresentandserved
asprecursorsfor someof themorecomplexmoleculesfoundin these
meteorites.

From studiesof interstellardust and gas,comets,andmeteo-
rites the initial conditionsin the solarnebulaand its subsequent
chemicalevolutionare beingelucidated.Continuinginvestigations
into the cosmochemicaloriginsof organicmatterarecrucialbecause
organicchemistryoccursthroughoutthe cosmos,and the organic
matterthat resultsconstitutesamolecularandisotopicrecordof the
materialsandprocessesinvolvedin its formation.

Wehaveoutlined a scenarioby which the buildingblocksof
solar-systembodiesmay havedevelopedfrom dusty and gaseous
startingmaterials.We mightask if thereareothersolarsystemsin
the universe.We feel that this possibilityexistsbecauseof the fre-
quentoccurrenceof binaryandmultiplestars(whichnowseemto be
well over50%of the starpopulation),andthe fact that the separa-
tions betweenmost of thesebinary starsare comparableto the
dimensionsof oursolarsystem.Theinferenceis that stellarconden-
sationtendsto form morethanoneobject;whentheresidualmatter
is insufficientto form a secondstar,planetsmayoccurinstead.We
seethis sametendencyfor multiplicitywithin oursolarsystem.Only
Venus and Mercuryarewithout satellites,and this lack may be
attributedto gravitationalperturbationscausedby thecloseproxim-
ity of thesebodiesto theSun.

COMPARATIVEPLANETOLOGY

It is instructiveto examinethe Jupitersatellitesystemin this
context.The Voyagerspacecraftshaveconfirmedandextendedthe
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impressionsgainedfrom ground-basedandPioneerspacecraftobser-
vations.Thefour largesatellitesof Jupiterexhibitgradientsin aver-
agedensityand other propertiesthat arestrikingly reminiscentof
the gradientobservedamongthe planets.Theinnersatellites,Io and
Europa,havedensitiesof 3.5 and3.0, respectively,indicatingapre-
dominantlyrocky composition.In contrast,the moredistantsatel-
litesGanymedeand Callistohavedensitiesof 1.9 and 1.8,respec-
tively, suggestingcompositionsthat includea high percentageof
carbon, nitrogen, and oxygen compoundsand, presumably,are
dominatedby water(ice).

The surfaceappearancesof theseobjectssubstantiatethis inter-
pretation.The icy crustsof Ganymedeand Callistohaveevidently
beenunableto supportthe topographyassociatedwith large-impact
craters,althoughcraterdensitiesin thesmallersizerangearecloseto
saturation.The surfaceof Europaappearsto be coveredwith a
layerof watericethathasobliteratedanytraceof its historyof early
bombardment.The few cratersthat doappeararecomparablein the
numberper unit areato that found on Earth.Io is sowreakedby
continuousvolcanismthat its entiresurfacemustbe reworkedon a
time scalethat isveryshortcomparedwith4.6b.y.Asaresultof its
tidally inducedvolcanicactivity, this satelliteappearsto beexten-
sivelydegassed,with thevolcanoespossiblyrelyingonsulfurdioxide
asaworkingfluid insteadof water.

Whileobviouslymuchsmallerthan the Sun,Jupiter is appar-
ently largeenoughto havecausedthesamegradientin theproperties
of its retinue of satellitesas the Sunhascausedin the planets
(fig. IV-3). This fractionationof materialcanbe attributedto the
heatreleasedduringtheformationof thecentralbody.Theresulting
similarity between these two systems(Jupiter's and the Sun's)
strengthensour intuitive feelingthat the grosscharacteristicsof the
solarsystemareprobablyrepresentativeof thosefound elsewhere;
with small denseinner planets possessingsecondarydegassed
atomospheres.The exploration of the Saturn system by
Voyagerhas introduced an important caveat:For this gradient
in propertiesto exist, the centralbody must be massiveenough
to heat the surroundingspaceduring the time the systemforms,
and the planetsor satellitesmust be largeenoughto represent
a homogeneoussampleof the accretingmaterial.Neitherof these
conditionswasmet in the caseof Saturn(fig. IV-4), with theresult
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Figure IV-3.- Jupiter, the largest planet in our solar system, has an atmosphere

dominated by hydrogen, and has a retinue of satellites analogous to the planets
of the solar system.

that its moons are very different from those of Jupiter. By analogy,

one might expect the planets of a red dwarf star to differ consider-

ably from the planets in our own system. But even given another star

like the Sun, what are the chances of finding another planet like
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Figure IV-4.- The ring system of Saturn is composed of ice.

Earth? We are apprehensive about this question since our planet is so

different from its neighbors.
The planets in our solar system that are most similar to Earth

are Mars and Venus. Historically, this apparent similarity in gross

properties led many scientists to anticipate that these planets might

also be populated with some form of life. Yet, as we learned more
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aboutthesetwo planets,thispossibilitybecameincreasinglyremote.
Our considerationsof the origin of life on Earth must therefore
include somediscussionof the unique propertiesof Earth itself.
Whyisourplanetsodifferent fromits nearestneighbors?

Wecanquickly identify two basiccharacteristicsthat will deter-
mine most of a planet'sdevelopment-- sizeanddistancefrom the
Sun.If aplanetis too large,hydrogenwill not beableto escapefrom
its gravitationalfield, andthe resultwill beanobjectlike Jupiteror
Saturn,with a huge,denseatmosphereandno solidsurface.At the

other extreme, a body that is too small will not be able to retain any
kind of atmosphere over geological periods of time. Examples of this

end of the spectrum are Mercury and the Moon. Distance from the

Sun becomes a part of this constraint, however, since a small body at
a large distance could be cold enough to have an atmosphere. What
this means is that the thermal velocities of gas molecules will be

smaller than the velocity needed to escape from the body's gravita-

tional field (given that the molecular weight of the gas is high enough

and that the gas does not condense at the low temperature corre-

sponding to this distance from the Sun). In our solar system, tile best
example of this situation is Titan, a satellite of Saturn, that has a
dense atmosphere of nitrogen with a small amount of methane and
traces of other compounds.

The inner planets - Mercury, Venus, Earth, Mars have clearly
been drastically affected by their proximity to the Sun. They are all
grossly deficient in the volatile elements, having formed in an envi-

ronment that was evidently at too high a temperature to permit the

common compounds of these elements to condense. In contrast, the
outer planets - Jupiter, Saturn, Uranus, Neptune have retained

large amounts of hydrogen and helium. Jupiter may even represent a

cosmic mixture of the elements; i.e., the composition of this planet

may be identical to the composition of the Sun and other young
stars.

ANCIENT ATMOSPHERES

We can now distinguish between two types of atmospheres -
those that are primitive, representing material captured from the
solar nebula with only minor fractionations, and those that are



60

secondary- producedby thedegassingof the material that accreted
to form the planet. The first type of atmosphere is found in the

outer solar system; the inner planets exhibit the second type. To give

a quantitative illustration of the extent to which the light gases are
deficient on the inner planets, one can imagine adding hydrogen and

helium to the Earth until the abundance ratios of these elements to

silicon were equal to the ratios found in the Sun. The resulting planet
would have a mass approximately equal to the mass of Saturn.

Since we have good evidence that the composition of our

planet's atmosphere has changed with time, it is natural to ask
whether at some earlier stage it could have been strongly reducing,

like the atmospheres we now see in the outer solar system. In other

words, did the Earth and the other inner planets capture atmospheres
from the solar nebula as they formed? And if they did, were the

compositions of these atmospheres similar to those we now find in
the outer solar system? With time, these planets would inevitably

have moved from a highly reduced to an oxidized condition, since

hydrogen will escape from their small gravitational fields and their
warm surface temperatures ensure that water will be available to pro-

vide a source of oxygen. They must have begun with no free oxygen

in their atmospheres, but were these atmospheres ever as reducing

(or hydrogen-rich) as Jupiter's?
For many years this seemed the most likely scenario, but the

evidence that was cited in its favor has become less compelling in the
wake of new discoveries. An early argument involved the distribution

of abundances of the noble gases in our present atmosphere. Com-

pared with the cosmic abundance pattern, the noble gases are clearly
deficient on Earth, and this deficiency seems to be mass-dependent,

such that helium is the most depleted gas, then neon, then argon,

etc. This pattern was taken as evidence that the Earth once had an

atmosphere with its full complement of volatiles, but a "catastrophic

event" - perhaps a strong solar wind during an early unstable and

flaring stage of the Sun's history (T-Tauri phase) - swept away the

gases, removing the lighter ones most efficiently. It seemed that the

noble gases left us a record of this event, since they are chemically

inert, and (except for helium) are too heavy to escape from the

Earth's gravitational field.
But now we know that this same abundance pattern is found in

meteorites and in the atmosphere of Mars, although the atmosphere
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of Venusis distinctly different. It thusseemsthat the fractionation
processeswereactingin the solarnebulaprior to the formation of

the planets, and affected all of the solid bodies in the inner solar sys-

tem in different ways. We have also learned that the T-Tauri phase of
solar history was probably not cataclysmic enough to have blown

gases away from the surfaces of planets.

To reconstruct the Earth's early atmosphere, we must therefore
turn this argument around. This fractionation of the noble gases in

the solar nebula was presumably accompanied by a fractionation of

other gases as well. Therefore, the maximum amount of hydrogen

that the Earth could have captured can be calculated by using the

neon in the present atmosphere as an index. In other words, if we

assume that neon was captured, the cosmic hydrogen-to-neon ratio

would give us the maximum value for early atmospheric hydrogen.
This turns out to be about 10 millibars, or 1/100 of our present

atmospheric density. Such an atmosphere would be lost by escape
in less than 10,000 years.

Methane and ammonia would have had abundances 1,000 times

smaller than that of hydrogen. Ammonia is particularly unlikely as a

long-term atmospheric constituent, since this small amount would be

destroyed in less than 40 years by solar ultraviolet light. Ammonia

would also have been out of equilibrium with crustal rocks.

Thus, the only hope for a highly reducing early atmosphere
would seem to reside in the possibility of producing it by degassing

from the early Earth, either by internal melting processes caused by

radioactivity or by external processes - bombardment by meteorites
and comets that incidentally may have contributed reduced volatiles

themselves. The first of these possibilities requires the presence of

some reducing agent in the upper mantle. Free iron has been sug-

gested as a candidate for this role, assuming that this early degassing

took place prior to formation of the Earth's core. Some investigators
are unhappy with this picture, however, arguing that the core should

have occurred as the planet itself formed, since the energy of accre-

tion would have been sufficient to initiate the melting of iron once

the embryo-Earth attained 10% to 25% of its present size.

At this stage of our knowledge, there seems no way to rule out

a transient, early atmosphere rich in hydrogen, methane, and carbon

monoxide and containing ammonia. Because of the difficulties

referred to above, however, interest is shifting toward the possibility
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that the early atmosphereof our planetwasonly weaklyreducing,
consistingof a mixtureof nitrogen,carbondioxide,carbonmonox-
ide,water,anda few percenthydrogen.Suchanatmospherewould
provideasufficientgreenhouseeffectto keeptheEarthwarmevenif
the Sunwere25%lessluminous(a modelwhichhassomesupport)
duringthat periodthan it is today.Thereisnoneedfor ammoniaor
someother reducedgasto providethis effectaslongasthe partial
pressureof CO2is on the orderof 200millibars.This largeamount
of atmosphericCO2 would graduallydiminishasa resultof rock-
weatheringandtheconsequentproductionof carbonates.

Everythingthatwehavedescribedfor theEarthshouldapplyto
MarsandVenusaswell. Whythenhasourplanetturnedout sodif-
ferently from our neighbors?Let usreturn to our basiccriteriafor
planetarydifferences- sizeanddistancefrom theSun.

We first considerdistancefrom the Sun. Supposewe could
move the Earth to the positionoccupiedby Venus.Whatwould
happen?The increasedintensityof sunlightwouldcausethe mean
temperatureof our planetto rise.Modelcalculationsshowthat this
increasein temperaturewould causeincreasedevaporationof sea
waterandwouldleadto alargeramountof watervaporin theatmo-
spherethat could increasethe greenhouseeffectandthemeansur-
face temperaturefurther, leading to more evaporation,etc. In
other words,the Earth'sclimatewouldgo into a positivefeedback
loop that wouldleadto aconditionknownasarunawaygreenhouse.
The end resultwouldbe that the oceanswouldboil, putting all of
thesurfacewaterinto the atmosphere.The atmosphereitselfwould
besohot that therewouldno longerbeacoldtrapto confinewater
vapor to lower levels.Photodissociationby ultravioletlight would
thenbecomeveryefficient,andthe hydrogenatomsresultingfrom
thisprocesswouldescapeinto space.

This is oneexplanationfor theabsenceof wateronVenus.The
processwe havejust describedwouldhaveoccurredon that planet
shortlyafter it formed.Theoxygenleft overfrom H20 dissociation
would havecombinedwith the crustandavailablevolatiles;wesee
oneof the resultsin thedensecarbondioxideatmospherethatnow
blanketsthe planet(fig. IV-5). Plausible as this scenario seems, it has
not yet been rigorously proven. A demonstration that deuterium is

enriched on Venus would provide a strong supporting argument. If

indeed there were once oceans that boiled with the subsequent
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Figure IV-5.- Venus, the planet closest to the Earth in size, has retained a sig-

nificant atmosphere of carbon dioxide. Cloud features indicate a significant
atmospheric dynamics.
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escape of hydrogen, the heavier mass of deuterium should have led to

a net enhancement of this isotope in residual hydrogen compounds

over geologic time. The alternative to this picture is that Venus had

no (or very little) water from the beginning, a result again of its

proximity to the Sun; the temperature at which Venus formed was
so hot that water could not have condensed. This alternative seems

less satisfactory in view of recent models that explain the bombard-

ment histories of the inner planets by impacts from meteorites and

comets that had formed in colder parts of the solar system. These

impacts would necessarily inject additional volatiles such as water

into the atmosphere of an evolving planet. While the visible results of
this bombardment seem only superficial, it is likely that even during

the early periods of planet formation, there was opportunity for

ample mixing of materials from various parts of the solar nebula.
Thus, if the Earth were much closer to the Sun than its present

position, it would be too hot for liquid water to be stable on its sur-
face. And without water, life as we know it cannot survive, and

probably cannot even originate.
What if Earth were farther from the Sun? This situation is more

complex. A change in the composition of our planet's atmosphere

could lead to an enhanced greenhouse effect, resulting in tempera-

tures above the freezing point of water, even at the distance of Mars.

Indeed, model calculations show that if Mars itself had an atmo-

sphere in which the partial pressure of CO2 was equal to the total

pressure of our own atmosphere, the mean surface temperature on
Mars would be above 0 ° C. This result has been used to explain the

presence of sinuous channels and other landforms on Mars that seem

to provide evidence for the action of running water on the planet's
surface at some time in the distant past - perhaps 3.5 b.y. ago.

If Mars had a sufficiently dense CO2 atmosphere during its early

history, it would have been warm enough to allow liquid water to
exist, and that water could have cut the channels we observe today.

Thus, it seems possible that Mars may have had an early history
much like that of the Earth. Yet we do not see evidence that there

were ever lakes or oceans on Mars. It looks more as though the water

came out in periodic floods, but never accumulated in large basins.

Perhaps conditions were simply not that stable. Was the atmosphere

never dense enough to do more than raise the temperature closer to

the freezing point than we find it today?
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In anycase,thewaterpresentproducedits owndemise.Dissolv-
ing atmosphericCO2 causedweatheringof therocksthat ledto the
formationof carbonates,therebyreducingtheamountof CO2in the
atmosphere.Thisnegativefeedbackwouldultimately lower the sur-
facepressureandthe surfacetemperature.Abettedby otherfactors,
suchasthe lossof nitrogenby escape,this processled to the point
whereliquid watercouldno longerexist.

Butwemustnowconsiderourotherbasicplanetarycharacteris-
tic: size.Whatif Marswerea largerplanet?Wecan return to our
hypotheticalexperimentof movingthe Earth to the position of
Mars.In that case,morecarbondioxide could havebeenreleased
initially, andthe greateramountof tectonicactivityassociatedwith
the largerheatenginein the biggerplanetwould providea much
moreefficientmeansof recyclingthat gas.Perhapsa planetthesize
of Earth or slightly largerwould be ableto maintaina reasonably
warm climateat the Marsdistancefrom the Sun,providedthat it
could maintaina sufficiently largeamountof carbondioxidein its
atmosphere.This in turn mightheatup thetropicsof a planetstill
largelyfrozen.Weatheringwouldproceedveryslowly,sincemuchof
the crustwouldbeprotectedbyice.Whetherlife couldoriginateand
persiston sucha planetis amatterof speculation.But theseconsid-
erationsdo showthat an Earth-likeplanetcouldexistat a greater
rangeof distancesfrom its centralstar thanwe would havecon-
cludedhadwerequiredthat the planethaveanatmospherichistory
identicalwith ourown.

Still farther from the Sun,wemustconsiderother liquidsand,
hence,otherkindsof life. Ammoniaisoftensuggestedasanalterna-
tive to wateras a mediumfor alientypesof biology.Weshould
expectto find suchenvironmentson the surfacesof satellitesof the
outerplanets,sincethe planetsthemselvesdonot havesolidsurfaces
thatwouldallowammonia(or anyotherliquid) to collect.

Thebestexampleof anobjectthat mightmeetthesecriteriais
Titan, the largestsatelliteof Saturn.This is the only satellitein our
solar systemknown to havea substantialatmosphere;this atmo-
spherecontainsboth nitrogenandmethane.Theproblemwith Titan
is that it is too coldto beveryinteresting.Thesurfacetemperature
hasbeenshownto bebelow-175 ° C by both spacecraft and Earth-

based measurements. If there is a liquid on Titan's surface, it is liquid
methane or liquid nitrogen, not ammonia; ammonia would be solid.
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The developmentof alienlife at theselow temperaturesseems
unlikely in view of the slownessof chemicalreactionsunderthese
conditions.Yet somevery interestingchemistryis taking placeon
Titan, for wecandetect tracesof reactionproductsin the atmo-
sphere.In additionto CH4,C2H2,C2H4, andC2H6 that had been
detected by Earth-based telescopes, the Voyager spacecraft suc-

ceeded in identifying N2, H2, HCN, C2 N2, HC3 N, C4 H2, C3 H4, and

C2Hs. Furthermore, the atmosphere is charged with a brownish
photochemica ! aerosol that may include polymers of one or more of
these substances. Since hydrogen can escape from Titan, fragments

of hydrocarbons that are produced by UV irradiation or charged
particle bombardment in the satellite's atmosphere are free to com-

bine to form more complex substances. Here, we have a highly
evolved atmosphere that has remained reducing, since oxygen is

safely trapped as water ice in Titan's interior.

This lack of liquid water makes the current chemistry on Titan

fundamentally different from the chemistry on the primitive Earth.

But the chemistry occurring in the Earth's atmosphere in its early

history may well have been very similar to what we find on Titan

today, making further investigation of this object particularly

appealing. It depends, of course, on how reducing our early atmo-

sphere was. At this stage of our ignorance, a mixture of CH4, N2,

and H 2 can't be excluded.

The photochemical reactions are taking place in the satellite's
upper atmosphere, which is some 80 ° C warmer than the surface.

The reaction products will gradually settle out and be preserved in

this cold trap (or dissolve in liquid methane or liquid nitrogen!). The

early history of Titan may have been even more interesting, however.

The nitrogen we now find in the atmosphere is presumably the result
of the photodissociation of ammonia. In order for the ammonia to

get into the atmosphere, Titan must have been much warmer. This
would have led to much more methane in the atmosphere as well,

so we can imagine an early atmosphere even denser than the present

one, which has a surface pressure of 1.6 bars. How warm was the

satellite during this early period? How long did this time last? What

kinds of chemistry occurred? Here in this cold, alien environment,

we find ourselves confronting the same questions we have considered
on Mars.
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We can find in this exampleanotherimportant propertyof
water that makesit well-suitedasa liquid mediumfor life. When
ammoniais photodissociated,thereactionproductsarenitrogenand
hydrogen,neither of which protects the ammoniafrom further
photodissociation.It thusseemsproblematicalwhetheronecan ever

have an environment in which liquid ammonia is stable. In contrast,
the oxygen produced by the breakup of water can act to shield the

water while also providing a potential source of chemical energy (far

more accessible than nitrogen) for evolving life. An alternative would

be to provide a UV-protective smog layer, such as Titan in fact seems

to possess. The trick is then to maintain a warm enough surface to

have liquid ammonia but a cold trap high in the atmosphere that pre-

vents the ammonia from diffusing up to altitudes where the smog
cannot protect it. On Titan, no such ammonia sea is present, but per-
haps it is present somewhere far away.

The outer planets themselves are less promising. There is ample
evidence for chemical reactions, particularly on Jupiter where we see

a variety of colors among the clouds (fig. IV-6). The expected con-

densed ammonia, ammonium hydrosulfide, ammonium hydroxide,
and water all preclude white clouds. Hence, the existence of colors

indicates that more complex, nonequilibrium compounds are being

formed. With solar ultraviolet light, lightning storms, bombardment

by charged particles, and escaping internal heat all available as energy

sources, we have a giant natural laboratory in which experiments

bearing on the first stages of chemical evolution are continuously
being performed. At the present time, these colored substances have

not been identified. It is becoming increasingly evident that we shall

have to probe Jupiter to solve this problem.

THE ANCIENT SURFACES

The recent exploration of the planets has given us a model of

the early Earth, but what terrestrial evidence do we have of what our

Earth looked like in the past? The most ancient metamorphosed sedi-
mentary rocks now known are those at Isua in western Greenland.

They were deposited roughly 3. 8 b.y. ago as sediments carried by
water into a volcanic basin to which volcanos contributed solids and
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FigureIV-6.- The giant red spot of Jupiter and the complex cloud patterns
suggest a natural laboratory for chemical evolutionary processes.

probably hydrothermal solutions as well. Some metamorphosed sedi-
mentary units at Isua approach the composition of normal present-

day sedimentary rocks, which bear conclusive evidence of an atmo-

sphere that contained sizable quantities of carbon dioxide. Little can
be said about the oxygen content of the atmosphere at the time of

deposition of the Isua sediments. There is a fair amount of evidence

that the oxygen content of the atmosphere more than 2 b.y. ago was

substantially less than today. Therefore, there must have been less

oxygen at the time of deposition of the sediments at Isua. The
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atmosphereat that time wascertainlynot highly reducing;in fact,
the bulk compositionof the Isuarocksissurprisinglysimilarto that
of youngerrocks in equivalentsettings.In this sensetheygiveelo-
quent testimony to the notion that 3.8 b.y. ago the Earth had
alreadysettleddownto a regimethat is quite similarto that of the
presentday.

Elementalcarbonis presentin thesesediments.TheIsuasedi-
mentshavebeenheatedto suchhightemperaturessincedeposition
that virtually noextractableorganiccompoundsremain.At present,
a biologicalorigin for carbonin the Isuarocksseemsunproven.Life
couldhavestartedbeforethe timewhenIsuawasformed,perhaps
much closerto the birth of our planet.A searchfor sedimentary
rocksolderthan3.8b.y.isobviouslyneeded.

Severalcontinentsareknown to contain3.5-b.y.-oldsedimen-
tary rocks, and theseancientareasmay containenclavesof even
olderrock units.Areasin AustraliaandsouthernAfrica,andanarea
in centralGreenlandthat iscurrentlycoveredby icemayturn out to
be particularly promisingtargetsin the searchfor more ancient
rocks.

Webelievethat our Earthis about4.6 b.y. old. At presentwe
areforcedto look to otherbodiesin thesolarsystemfor hintsasto
what the earlyhistory of the Earthwaslike. Studiesof our Moon,
Mercury,Mars,and the largesatellitesof Jupiter and Saturnhave
providedampleevidencethatall of theseobjectswerebombardedby
bodieswith a widevarietyof sizesshortly after they hadformed.
This same bombardment must have affected the Earth as well. The

lunar record indicates that the rate of impacts decreased to its pres-
ent low level about 4 b.y. ago. On the Earth, subsequent erosion and
crustal motions have obliterated the craters that must have formed

during this epoch. Since it is generally believed that life on Earth

began during this period, the bombardment must have been part of
the environment within which this event occurred.

Perhaps the most significant aspect for our consideration is the

realization that some of the impacting objects were large enough to
punch through the crust of Earth and formed large basins that could

be flooded by lava. These would be the terrestrial analogues of the

large circular maria on the Moon, the basins on Mars, and the ringed
structures on Jupiter's moons - Callisto and Ganymede. This is a
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reminderthat theearlyhistoryof the Earth was more turbulent than

a simple volcanism model would suggest.

We have seen how interesting and important it is to find rocks

from the earliest possible times in the Earth's history. Yet, it has
been much easier to find ancient rocks on the Moon, where many

samples have been dated at 4 b.y. or more. Unfortunately, these
ancient lunar rocks do not tell us about the Earth's primitive atmo-

spheric conditions, since the Moon evidently possessed no long-
enduring, substantial atmosphere, even in those early times. The

lunar rocks are grossly deficient in volatile elements and compounds

compared with the Earth, suggesting that they were thoroughly

degassed but that the gases escaped rapidly into space.

There are large regions on the surface of Mars that exhibit crater
densities similar to those found on the lunar highlands, the oldest

region of the lunar surface. Although there is still some dispute about
absolute chronologies, this similarity in the distribution of impact-

craters has led several investigators to suggest that these regions of

the Martian surface are probably as old as the comparable areas on

the Moon. Thus, it seems reasonable to expect that on Mars as on the

Moon, rocks with ages greater than 4 b.y. should be reasonably abun-
dant, provided one were to go to the right region of the planet to

look for them.

The great difference between Mars and the Moon is that Mars
has an atmosphere. This atmosphere has apparently developed from

an inventory of volatiles very similar in composition to the one that

formed the atmosphere of Earth. Indeed, there is every reason to

expect that the first steps in the development of the atmospheres on
these two bodies were essentially identical. Although we would

expect hydrogen to escape more rapidly from the low gravitational
field of Mars, this may have been partially compensated for by the

lower temperature of the exosphere on this more distant planet.

Thus, we can suggest that if Earth ever had a strongly reducing atmo-

sphere, Mars probably did too.

This probability lends a special piquancy to the search for

ancient rocks on Mars. If we could find such rocks in a suitably pro-

tected setting, we would have an opportunity to test the possibility

that the early Martian atmosphere was strongly reducing by examin-

ing the mineral assemblages that the rocks contain. Our conclusions
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would thenbeveryusefulin helpingus to evaluatethecomposition
of theatmosphereon theprimitiveEarth.

But we cango further than this. The surfaceof Marsis also
markedby manydifferent examplesof fluvial erosion.Onceagain
the timing of the eventsthat led to theselandformsiscontroversial.
But it is probably conservativeto say that the youngestof the
numerousfloods took placeat least3.5 b.y. ago.In other words,
liquid waterwasevidentlyavailableon somekind of intermittent
basisfor the first billion yearsof Martianhistory.The controversy
that still existscenterson theissueof howmuchlaterthanthis there
mighthavebeenepochswhenwater flowedonMars.Forourhnme-
diatepurpose,it doesn'tmatter; 1b.y. is longenough!

As alreadystated, our current view of the developmentof
inner-planetatmospheressuggeststhat Mars,Earth,and Venusall
beganwith a very similarvolatile inventory.Modelsfor the early
Martianclimateindicatethat a denseCO2atmospherecould have
meltediceby a greenhouseeffect.Themorphologicalevidencethat
liquid wateronceflowedonMarsseemsto substantiatebothof these
points.The specialsignificanceof this pictureof primitiveMartian
history is apparentassoonasweaskwhatwashappeningduringthe
first billion yearsof our own planet'shistory. Thereis almostno
direct evidenceavailableto answerthis question.But the recent
discoveryof stromatolitesdatedby threedifferent methodsto be
3.5 b.y. old indicatedthat life hadoriginated,evolved,andbecome
firmly establishedon our planetwithin the first billion years.If this
happenedonEarth,whynot onMars?

Thereseemsno way to excludethis possibility.Wemightbe
morecomfortableif therewerearecordof ancientseasandlakeson
Mars- proof that the presenceof waterwasmorethana seriesof
very transientevents.But theevidencefor suchsmoothlandformsis
muchmorelikely to disappearunderthe shiftingsandsof thewind-
blownMartianterrainthan is the highrelief associatedwith individ-
ual streambeds.In fact, therearemanyexamplesof craterswith
diametersgreaterthan 30 km that oncecontainedstandingwater.
These"lakes" existedat the sametimeasthe largefluid channels.
Periodicwetting anddesiccationand/orfreezingcouldhelp to con-
centrateprebioticmaterial,ashasoften beenstressedin considera-
tionsof the originof life on Earth.Wearethusconfrontedwith the
arrestingpossibilitythat sincelife originatedon Earthwithin the first
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billion yearsof its history,andsinceconditionson Marswereprob-
ablysimilarto thoseonEarthduringthisperiod,thereisanexcellent
chancethat life originatedon that planettoo.Wecaneasilyseewhy
andhowsuchlife couldhavediedout in theensuingmillenia,leading
to the negative results obtained by the Viking investigations
(fig. IV-7). But evenif thereisno life anywhereonMarstoday,there
seemsto begoodreasonsfor returningto Marsto lookfor evidence
of earlylife forms.

This will requirea carefulsearchin "the right places,"ashas
beenrequiredon Earth.A Viking-stylelandermissionhasvirtually
no chanceof successin suchan endeavor;a mannedmissionor a
sophisticatedsystemof roverswith capabilitiesfor samplereturnwill
be required. It will be an expensiveand difficult task,but the
rewardswouldbesogreatthat a considerableeffort is justified.To
find one more exampleof the origin of life, to know that this

Figure IV-7.- NASA's commitment to the exploration of the planets is most

dramatically seen in Viking Martian lander.
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remarkable property of matter is indeed something that springs forth

from natural causes wherever the conditions are right - these goals
are surely worth the effort and expense.

A few remarks of caution may be of value. Now that we have a

basis for comparison of the early history of the Earth's atmosphere
with the present state of neighbors Mars and Venus, the conventional

wisdom seems far from secure. Instead of the strongly reducing
atmosphere rich in hydrogen - the methane, water, and ammonia

mix of two decades ago - the best guesses now suggest a mixture still
clearly reducing, but much less strongly, under the dominance of

water with the oxides of carbon. No doubt the inferences are sen-

sible, but are they unique? We need to recall that the comparison
among planets must also include the history of the Sun. The solar

models almost certainly require that the Sun slowly brighten; in the

time since Earth formation the solar input has risen by a third or so,
the same effect as a change in Earth orbit by 15%. So the old Earth

and the present Earth are themselves two planets at different dis-

tances, so to speak. It is true that the solar inputs to Venus, Earth,
and Mars are in the ratio of about 4:2:1; this difference is much

larger than that from solar evolution. But is the input change to be

neglected? Did it make some difference to the origin of life, a differ-
ence less important once life is vigorous, perhaps because of some

feedback effect of life itself?. The topic can serve to remind us that

the early history of the planets is still only inferential, hardly part of
a secure understanding. We should take care that the present best
view does not jell into dogma.
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V. THE LABORATORY EXPERIENCE

INTRODUCTION

In chapter III we traced the history of the Earth back through

time by means of the rock record, yet it stops at 3.8 b.y., and

we know the Earth to be 4.5 b.y. old. We sought clues to the early
stages of the Earth's formation in chapter IV in our reconstruc-

tion of the evolution of the solar system, especially of the Earth,

from the interstellar gas and dust, yet we still found great gaps. One

theme which runs like a thread throughout our previous chapters,
however, is the role of organic molecules in the universe.

A brief glimpse into the nature of organic matter in our bio-

sphere thus seems in order. It is necessary to spend some effort at a
rather more technical level than in most of this book to discuss what

are chiefly chemical questions.

In the 19th century, as the microscope was perfected, the cell

was discovered. All organisms including ourselves are composed of
cells. The main function of a cell is to grow and divide. By the use of

dyes, various parts of the cell were recognized: nucleus, mitochon-
dria, chloroplasts, and centrioles. It was a great age of observation;

A drawing made by an unknown artist to illustrate an early edition of
Gulliver's Travels. Dr. Lemuel Gulliver [in "Gulliver's Travels"] reported

on this device, which he saw in the National Academy of Laputa.

"It was Twenty Foot square ... The Superficies was composed of

several Bits of Wood ... all linked together by slender Wires..."

On them "'were written all the Words of their Language in their

several... Declensions, but without any order .... The Pupils at

his Command took each of them hold of an Iron Handle... and

giving them a sudden Turn, the whole Disposition was entirely

changed ... the Professor shewed me several Volumes... already

collected, of broken Sentences, which he intended to piece together

... to give the World a compleat Body of all Arts and Sciences... ""

The same logic applies to the origin of life, although we are looking for a

less random hierarchy of processes, and a less elaborated system of
selection.

Provided by Phil Morrison, Cambridge, Mass. 1983
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the biology of microscopic life received a powerful stimulus from the

rise of medical bacteriology.
It was left to the 20th century to analyze the cell into its chief

chemical components: proteins, nucleic acids, fats, and carbohy-
drates. Of these chemical species, proteins were soon discovered to

be giant molecules made up of thousands of atoms. If proteins are

gently broken down, they fall apart into amino acids; there are only
20 different amino acids in all life. Thus, a protein can be described

as a word string in an alphabet of 20 letters (the amino acids). It was
found as well that the nucleic acids (DNA and RNA) were strings

over an alphabet of four letters (nucleotides) (fig. V-l). In the case of

DNA, the letters (or molecules) are adenylic acid (A), guanylic acid

(G), cytidylic acid (C), and thymidylic acid (T). In the case of RNA

it is A, G, C, as above, but uridylic acid (U) instead of thymidylic

acid (T). The number of combinatorial possibilities are more than
astronomical. Assuming we have formed a string of amino acids

100 letters long, how many different ones could be present? There
are 20 different possibilities for the first member of tile string and
20 for the second and so on. Therefore, there are (20) 10° different

proteins, a number large past imagining.
The DNA in E. coli is found in a single molecule which is about

1 mm long. There are about 3 million nucleotide base pairs in one
molecule of DNA. The different protein strings realized are encoded

in the sequence of bases in the double-stranded molecule of DNA.

A protein molecule called RNA polymerase transcribes the

sequences within the DNA molecule into RNA molecules, called

messenger RNA molecules. An RNA molecule then enters a protein-

synthesizing machine, which is best compared to a molecular tape
recorder, in which the RNA molecule is read and the output is a

sequence of amino acids.
Since there are four bases (A, G, C, U) in the RNA alphabet

that can be used to code for amino acids, it can be seen that three

bases (43 = 64) are required to accomplish this code: neither one

base (41 = 4) nor two bases (4 = = 16) would provide a unique code
for the 20 amino acids. The representation of the sequence of amino

acids of proteins by a sequence of nucleotides in RNA is called the

genetic code (table V-l). In table V-1 the first base in the triplet is
listed in the first column, the second base is listed along the row, and

the third base is listed in the last column. The 64 triplets are thus
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Figure V-1 .- Shown are representative examples of an amino acid, a nucleotide.

Amino acids are the building blocks of the proteins, while the nucleotides are

the building blocks of the nucleic acids. A complete set of these molecules used

in biology can be found in the appendix.

related to the 20 amino acids. For example, the triplet GGG stands

for the amino acid glycine. In summary, the "central dogma," which

can be stated DNA -_ RNA _ Protein, dictates that the synthesis of

proteins is controlled by the nucleic acid and that the genetic code

describes the relationship of the simple molecules that make up the

strand of nucleic acids and proteins to each other. But where did

these simple molecules come from and how were they organized?
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First

TABLE V-1.-GENETIC CODE

Bases

Second

G C A U

gly ala glu val G

G gly ala glu val A
gly ala asp val C

gly ala asp val U

arg pro gln leu G

C arg pro gln leu A
arg pro his leu C

arg pro his leu U

arg thr lys met G

A arg thr lys ile A
ser thr ash ile C
ser thr ash ile U

trp ser term leu G
term ser term leu A

U
cys ser tyr phe C

cys ser tyr phe U

Third

EXTRATERRESTRIAL EVIDENCE

The study of meteorites - stimulated by the fall of one big
unusual carbonaceous meteorite on Murchison, Australia, in 1969 -
has allowed close examination of extraterrestrial material. Numerous

laboratories have shown that the Murchison meteorite contains

many organic compounds that appear to have been synthesized

extraterrestrially by nonbiological processes. One of the first classes

of compounds studied was the amino acids. As compared to the
20 amino acids found in proteins, a much larger number (over 100)

have been estimated to be present in carbonaceous chondrites.
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(The aminoacidsin the Murchisonmeteoriteareoptically inactive,
unlike thosein proteins,showingthat both handedformsof agiven
aminoacidwerepresentin roughlyequalproportions;seefig. V-2.)
In addition to these fundamentalbuilding blocks of life, other
importantclassesof organicmoleculeshavebeenidentified.These
includeheterocyclicbases,hydrocarbons,fatty acids,hydroxyacids,
etc. Thesesolvent-solublematerialsrepresentat most 30%of the
carbonfoundin thesemeteorites(or about0.5%of thetotal meteor-
ite weight).The remainingcarbonis predominantlypresentas a
solvent-insolublephase.

At thispoint it is importantto remarkthat while the typesof
organiccompoundsfound in meteoritesareconsistentwith those
expectedto haveservedasprecursorsfor thebiochemicalsof terres-
trial life, we do not know the detailsof their synthesison the
meteorites.Wecannotbesurethat eithertheenvironmentsin which
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Figure V-2.- An important property of carbon is one that allows the formation
of two forms with identical composition - one form is the mirror image of the
other, just as the left hand is the mirror image of the right hand. Thus there are
two forms of alanine, L (levo-) the left handed and D (dextro-) the right handed
versions. The L-amino acids predominate in terrestrial biology.
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the meteorites originated or the organic matter synthesized were the

same as those on the primitive Earth. However, the complex suite of

organic molecules found in carbonaceous meteorites provides a new

basis for our understanding the phenomenon of chemical evolution.

As mentioned in chapter IV, the widespread occurrence of

organic compounds - not produced by any life form - in the

cosmos and within our solar system confirms the expectation, based
on elemental abundances in the stars, that organic chemical evolution

is one natural consequence of the evolution of matter in the universe.

But organic chemical evolution is inextricably intertwined with the

evolution of environments, be they interstellar clouds, meteorite

parent bodies or planets; its progress toward the origin of life may be

terminated at different stages depending on the physical and chemi-

cal constraints imposed by the environment.

As noted in previous chapters, the Earth's atmosphere, oceans,

and crust during the first 500 milfion years are difficult to define in

any detail. Too little is known to fix the actual time of accretion, the

heterogeneity of the accreting materials, the state of the Sun, and the
quantity of short-lived radioisotopes that could have influenced the

thermal structure of the early Earth.

In many respects our knowledge of the early Earth is much like

our knowledge of the early solar system. It is model-dependent and
relies on the reconstruction of an environment by extrapolation from

a record preserved in (but deciphered only in fragmentary fashion
from) lunar rocks, meteorites, and remotely discernible features of

Venus and Mars and of very ancient rocks and sediments of the
Earth. As more of the record is unveiled, new evidence is revealed,

new interpretations arise, and models undergo revision. Thus, all that

can be done at present is to define a rather wide range of possible

compositions for the early atmosphere and oceans and to suggest the

implications of atmospheres and oceans within this range for the

problem of the origin of life. These models have provided the basis

for experimental simulation studies.

THE EXPERIMENTAL ERA

Laboratory efforts have been extensive and have provided much

of the insight we have gained into the origins of life on Earth.
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Becauseof the uncertaintyof the nature of the primitive atmo-
sphere,experimentationhasexploreda rangeof plausiblemodels
from thosewhosegascompositionisstronglyreducingto thosewith
amoreoxidizingcomposition.

StronglyReducing Atmosphere

We will now explore that model which takes as its premise that

the initial atmosphere of the early Earth was rich in hydrogen com-
pounds, the one which has received most attention in the last
generation.

According to the Oparin-Miller-Urey paradigm, a highly reduc-
ing atmosphere consisting of methane, ammonia, and water - all

hydrogenous - prevailed on the primitive Earth. Passage of energy in

various forms through this hypothetical atmosphere produced the
reservoir of organic molecules from which life evolved.

The first successful prebiotic amino acid syntheses were carried

out using his reducing gas mixture of CH4, NHa, H20 (or CH4, NH3,
H 20, H 2) and an electric discharge as an energy source. The result

was a large yield of amino acids (the yield ofglycine alone was 2.1%

based on the amount of carbon present), together with hydroxy

acids, short aliphatic acids and urea. One of the surprising results of
this experiment was that the products were not a random mixture of

organic compounds, but rather a relatively small number of com-
pounds were produced in substantial yield. In addition the com-

pounds produced were, with a few exceptions, of biological
importance.

The special mechanism of synthesis of the amino and hydroxy
acids was further investigated. It was shown that the amino acids

were not formed directly in the electric discharge but were the

result of solution reactions of smaller molecules produced in the

discharge, in particular, hydrogen cyanide and aldehydes. These

reactions were studied subsequently in detail and the equilibrium and
rate constants of these reactions were measured. These results show

that amino and hydroxy acids could have been synthesized at high
dilutions of HCN and aldehydes in a primitive ocean.

Ultraviolet light acting on this mixture of gases is not effective

in producing amino acids except at very short wavelengths
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(<1500A) andeventhenthe yieldsareverylow.Thelow yieldsare
probablya resultof the low yieldsof HCNproducedbyUV light. If
the gasmixtureismodifiedby addinggasessuchasH2Sor formalde-
hyde,then reasonableyieldsof aminoacidscanbeobtainedatrela-
tively longwavelengths(<2500A) whereconsiderableenergiesfrom
the Sunareavailable.The H2Sabsorbsat theselongerwavelenths
andis photodissociatedto H andHS.TheH atomshaveahighveloc-
ity ("hot atoms") andreactwith the CH4andNH3. It is possible,
but not demonstrated,that HCNandothermoleculesareproduced,
whichthen form aminoacidsin the aqueouspart of thesystem.In
experimentssimulatingthermalenvironments,pyrolysisof CH4and
NHa giveslow yieldsof aminoacids.

A secondmodelof a reducingatmospherewith lesshydrogen
wouldconsistof CH4,N2, andtracesof NHa andH20. Thisatmo-
sphereis more consistentwith current modelsof the primitive
Earth, though still consistingof hydrogenouscompounds.Large
amountsof NH3 would not haveaccumulatedin the atmosphere
becauseof photodestructionand alsobecausethe NH3 woulddis-
solvein theocean.

Thismixtureof gasesisquiteeffectivewith anelectricdischarge
in producingaminoacids.The yieldsaresomewhatlower thanwith
CH4,NH3, andH20 but the productsaremorediverse.Hydroxy
acids,short aliphatic acids,and dicarboxylicacidsareproduced
alongwith the aminoacids.Tenof the20aminoacidsthat occurin
proteinsare produceddirectly in this experiment.Methionineis
obtainedif H2S is addedto the mixture,while cysteine,another
sulfur containingaminoacid,wasfound in the photolysisof CH4,
NH3, H20, and H2S. Phenylalanine,tyrosine,and tryptophancan
alsobe synthesizedunderputativeprebioticconditions.Thus,only
the basicaminoacids- lysine,arginine,andhistidine- havenot
beenproducedin prebiotic synthesisof aminoacids.Thereis no
fundamentalreasonthat the basicaminoacidscannotbe synthe-
sized,andthisproblemmaybesolvedbeforetoo long.

Mildly Reducing Atmospheres

The geochemists, especially W. Rubey, were not happy with the

proposal by Urey that the early atmosphere was composed of meth-
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ane,ammonia,and hydrogen.They favoreda modelfor the atmo-
sphereprovided from volcanicoutgassing.It wasdominatedby
carbon dioxide, nitrogen,and water vapor;Abelsonarguedthat
"volatilesfrom outgassinginteractedwith the alkalinecrustto form
anoceanhavinga pH8-9 andto produceanatmosphereconsisting
of CO,CO2,N2,andH2 ." A series of experiments were initiated in a

mildly reducing atmosphere.

CO, N2, H 2 - Electric discharges acting on this mixture of gases
are not particularly effective in amino acid synthesis, but HCN is

produced in significant amounts. Glycine is produced in fair yield,

but only small amounts of higher amino acids are formed. However,
formaldehyde, which is important in the prebiotic synthesis of
sugars, is obtained in large amounts.

CO2, N2, H 2 - The CO 2 is more oxidized than the CO, but the

excess H makes it a reduced mixture. As with CO + N2 + H2, the

amino acid synthesis is quite low with electric discharges unless
H 2/CO 2 ratio is >_2. In this case glycine is produced in fair yield,
but again very few of the higher amino acids are formed.

CO, H 2 - This mixture is used commercially in the Fischer-
Tropsch reaction to make hydrocarbons in high yields. The reaction

requires a catalyst, usually Fe or Ni supported on silica, a tempera-
ture of 200°-400°C, and a short contact time. Depending on the

conditions, aliphatic hydrocarbons, aromatic hydrocarbons, alcohols,

and acids can be produced. If NH 3 is added to the CO + H2, then
amino acids, purines, and pyrimidines can be formed. The interme-

diates in these reactions are not known, but it is likely that HCN is
involved together with others.

CO, H 20 - Electric discharges are not effective with this mix-

ture, but UV light that is absorbed by the water (<1849 A) results in
the production of formaldehyde and other aldehydes, alcohols, and

acids. The yields are fair. The mechanism seems to involve splitting

the H 20 to H + OH with the OH converting the CO to CO2 and the
H reducing another molecule of CO.

The amount of hydrogen needed in the synthesis outlined

above, except in the CO, H20 experiment, is still very high and it
does not fare well with present ideas about the atmosphere of the
early Earth.
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Nonreducing Atmosphere

If the early Earth's atmosphere were dominated by the gases,
carbon dioxide, nitrogen, and water, then the Miller-Urey experiment

would not be relevant to the origin of terrestrial life. The reduction

of carbon dioxide and nitrogen would have to have taken place by

means other than molecular hydrogen. Recall that reduction means

the acceptance of electrons by a molecule or ion. Thus, an organic
molecule in water, upon accepting an electron, gains a net negative

charge which is neutralized by a proton donated by the water
molecule itself.

If the early atmosphere were not hydrogen-rich, the reduction
of carbon dioxide could only be carried out if another supply of elec-

tron donors were available. A conceivable source of electron donors

on the early Earth would be iron - the ferrous ions.

In 1960, Getoff irradiated an aqueous solution of ferrous sul-
fate and carbon dioxide with light (_2600 A) and got a yield of

formaldehyde of approximately 1%. These observations should be

considered in the light of recent proposals that the reducing condi-
tions on a primitive Earth were to be sought in the abundance of
ferrous iron in the crust rather than in the amount of hydrogen in

the atmosphere. The problem of photochemically reducing N 2 and

NH 3 is currently under active investigation. Low yields of NH 3 form
from N 2 in the presence of the metals Mo, Fe, and Ti when irradi-
ated by long-wavelength UV light. The reduction of carbon dioxide

and nitrogen may have been possible on a primitive Earth if the right

electron donors were present. This opens up new experimental vistas
in the studies of the origin of life, especially in the synthesis of the

amino acids. While the above discussion has dealt predominantly

with the synthesis of amino acids, we would be remiss if we

neglected the laboratory synthesis of the other organic species we
have encountered in this text.

As pointed out many times in the text, the nucleic acids play a
fundamental role in terrestrial biology. In addition to phosphorous

in the form of phosphate, the nucleic acids require both sugars and

certain nitrogenous molecules, the purines and pyrimidines. There is

ample laboratory evidence to show that these molecules are pro-
duced from the reactions of the simple molecule HCN in water. Of

the purines, adenine (see Appendix) is the major one produced from
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HCN oligomers.Of the pyrimidines,cytosineis formeddirectly by
the reactionof cyanoacetyleneandcyanate,whileuracil is thefinal
productusingeitherHCNorcyanoacetyleneasthestartingmaterial.
Theseareonlyexamplesfromanextensivescientificliterature.

Sugarsand Nucleosides

The self-condensation of formaldehyde was a likely route to

sugars on the primitive Earth, the formaldehyde being formed by the

action of electric discharges or UV light on a mildly reducing atmo-

sphere. This condensation is inhibited by HCN which reacts rapidly

with formaldehyde. Therefore, the synthesis of sugars probably was

delayed until the bulk of the HCN had condensed or was hydrolyzed.
It is not clear how the relatively few sugars which have the central

role in contemporary living systems (ribose and glucose) were
selected from the very complex mixture of compounds which is
formed from formaldehyde.

Lipids

The prebiotic formation of lipids has not been extensively

investigated, but the limited experiments which have been per-
formed suggest that lipid-like materials might have also formed
spontaneously on the primitive Earth.

Biosynthetic Pathways as a Guide to Prebiotic Chemistry

Since the primitive metabolic pathways probably evolved from

prebiotic syntheses, some steps in the current metabolic pathways
may be "chemical fossils" of reactions which occurred on the

primitive Earth. Consequently, a proposed prebiotic pathway gains
validity if it can be correlated with a contemporary biosynthetic
process.

There is a good correlation between the contemporary biosyn-
theses of purines and pyrimidines and some of the steps in their pro-
posed prebiotic syntheses.
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As anexample,thedecarboxylationof thenucleotideof orotic
acid is one of the stepsin the biosynthesisof the nucleotidesof
uracil and cytosine.This samedecarboxylationis a key reactionin
theprebioticsynthesisof uracilfromHCN.In addition,asparticacid,
the startingmaterialfor thebiosynthesisof orotic acid,isproduced
in avarietyof prebioticexperiments.It wouldnothavebeenamajor
changefor earlylife to evolveasystemfor thebiosynthesisof orotic
acid from the readilyavailableasparticacidoncethelow supplyof
preformedorotic acid limited the growthof primitive life forms.

INORGANICASPECTS

While much of the work in the study of chemical evolution and

the origins of life have dealt with the formation, polymerization,

and interaction of important organic molecules, there is an awareness

on the part of most students of the field that inorganic chemistry

was undoubtedly of fundamental importance in the processes respon-
sible for the origins of life on Earth. Since it is known that all life on

Earth now requires the metal ions for its chemical function, a num-
ber of scientists have questioned at what stage such fundamental

processes became important. Early in the history of this field of

study, Granick suggested that the first organization of preprotoplasm

could be a primitive energy-conversion unit that could perform the

elementary processes of photosynthesis and respiration; that this
unit originated within the domain of some common minerals; that
the minerals that contain metal ions served both as coordinating tem-

plates and catalysts for various reactions; and that around this unit
were formed organic molecules that gradually became organized into

units of ever-increasing complexity. Thus, biosynthetic chains devel-

oped in a stepwise fashion. The metal catalysts of minerals became

modified into the metalloenzymes; in these new complexes the same
metals would become more efficient.

In a similar vein, Bernal had earlier suggested in his book "The

Physical Basis of Life" that clays were sites upon which organic
molecules could be concentrated and react with each other.

In recent years, studies of the role of metal ions and minerals in

prebiological chemistry have shown promising results. As noted
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earlier,the reductionof CO2to formaldehydeandmethanehasbeen
accomplishedby the interactionof UV light with anaqueoussolu-
tion of CO2 andferrousions.In preparationfor the Vikingmission
to Mars,the reductionof CO2 wasalsoobservedto occuronsilicate
surfaces.Thereductionof nitrogento ammoniaby titaniumdioxide
hasbeenaccomplished,againby usingUV light.

In laboratoryexperiments,biomonomershavebeensynthesized
in the presenceof clays.Investigationshaveshownthat claysaffect
the formationof aminoacidsandnitrogenheterocyclesfromCOand
NHa at temperaturesof about300°C.In addition,biomonomerscan
be adsorbedonto clays. This adsorptionprovidesan excellent
mechanismof concentrationto facilitatesubsequentchemicalreac-
tions. The clay- and/or metal ion-mediatedoligomerizationof
biomonomershasalsobeendemonstrated.Throughthis mechanism
polypeptidesandoligonucleotideshavebeenformedin higheryield
or with longerstrandsthan in theabsenceof theseinorganiccompo-
nents.Thus,inorganicchemistrymayhaveplayedanimportantrole
in theemergenceof life onEarth.

POLYPEPTIDES, POLYNUCLEOTIDES, AND THE
BEGINNINGS OF NATURAL SELECTION

The transition from a mixture of organic molecules to an

organized system that is capable of reproducing itself, represents the

most puzzling problem in the study of the origin of life. We know

that contemporary cells rely on proteins, very complex molecules, to

catalyze specifically almost all biological reactions, including the

replication and translation of nucleic acids. The proteins are them-

selves the products of the translation process, and their synthesis is in

turn dependent on the presence of preformed nucleic acids. The

origin of the genetic process thus appears to be a chicken-and-egg
problem; which came first - proteins or the coded nucleic acids?

Not everyone agrees that studies of the origin of self-replicating

systems should concentrate on nucleic acids and proteins. Some

researchers suggest a variety of simple, alternative self-replicating sys-

tems. Cairns-Smith, for example, proposes an entirely inorganic

genetic system based on cation substitutions in clays. The major idea
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is that clays could not only adsorb and catalyze reactions between
organic molecules but that they could, like DNA, replicate. If we

now suppose that, as in the case of DNA, the possibility exists of an

error of replication or mutation, the replicating clays would evolve!

At present, however, the self-replicating systems we know best involve
molecules that resemble proteins and nucleic acids. The remainder of

this section, therefore, is concerned with studies of these molecules.

The Contemporary System

A genetic apparatus is an essential requirement for all living

things on Earth. It is by means of the genetic material that living

organisms are able to store, express, and upon reproduction, transmit

to their progeny the information for all of the capabilities which

they possess. Cellular life forms usually store genetic information in

double-strand DNA polymers (fig. V-3), though some viruses make
use of RNA instead. As mentioned earlier, the information is coded

in the sequence of the nucleotides in such a way that each of the
64 possible trinucleotides codes for one of the 20 acids to be incor-

porated into a protein (table V-l), or codes for a stop signal to

terminate protein synthesis. The two strands of the nucleic acid are

held together by relatively weak (hydrogen) bonds, made specific by

a unique and essential feature of the conformation of the four
nucleotides - adenylic acid hydrogen-bonds specifically with thymi-

dylic acid, while guanylic acid pairs only with that of cytidylic acid
(fig. V-4). These interactions are referred to as the Watson-Crick

pairing rules. Partly because of these unique pairing specificities,

either strand can serve as a template for the synthesis of the other,

given free energy, in the enzyme-catalyzed process known as replica-

tion. In this fashion, one double strand can yield two new double-

stranded molecules, one for each of the progeny after cell division.

The expression of genetic information requires that the infor-
mation in the DNA be converted into protein. This is accomplished

in two steps. First, in a process called transcription, one strand is

copied by an enzyme, yielding a complementary strand of RNA
(messenger RNA). This new strand then serves as the template for

the synthesis of protein. The process of protein synthesis is termed
translation because the nucleic acid "language" is now translated into
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Figure V-3.- DNA (deoxyribonucleic acid) consists of two polymers linked

together by pairs of purine and pyrimidine bases. Of the four types of bases,

adenine can pair with thymine and guanine can pair with cytosine (Watson-Crick
pairing rules." A-T; G-C).
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Figure V-4.- The two strands of nucleic acids are held together by hydrogen
bonds which are specific for the four nucleotides. A "double helix" is thus
created and these interactions are referred to as the Watson-Crick pairing rules.

protein "language." The "dictionary" which establishes the rules by
which this translation is accomplished is called the genetic code. The

genetic code, shown in table V-l, was thought to be entirely univer-
sal until quite recent experiments showed that in mitochondria, one

of the stop signals actually codes for one of the amino acids, trypto-

phan; another amino acid, methionine, has two codons rather than

only one. While these exceptions are rather minor variations on a

major theme, they do emphasize the fact that isolated systems can

evolve slightly different codes.

Which Came First: Proteins or Nucleic Acids?

Several people have proposed that the first genetic system was

composed of proteins alone. They point out that it is much easier to

synthesize and polymerize the amino acids than the nucleotides.
Furthermore, the resulting polymers have some catalytic ability; in

the contemporary cell, proteins play the major role as catalysts.

Nucleic acids, on the other hand, are not usually thought of as having

catalytic activity, although they do act as templates for replication
and transcription (and a "bringing together" of reactants is certainly
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oneimportantfunctionof manycatalysts).In whatfollows,wewill
examinefirst the systemsthatcontainonly proteins,thenthosethat
containonly nucleicacids,andfinally thecombinedsystems.

Proteins first- The nonordered polymerization of amino

acids to form analogs of proteins (called peptides if the chains are

short) has been demonstrated in the laboratory under a wide variety
of experimental conditions. The energy needed for this reaction can

be provided in a number of ways, one of which is heat. Polyamino

acids (sometimes called proteinoids) have been produced by heating
mixtures of amino acids to about 180°C. These temperatures are

greater than the boiling point of water; however, in a few experi-

ments similar products were found at temperatures below the boiling
point of water, after very long periods. Clays also catalyze the reac-

when alternately wetted and dried. The formation of peptides on

clay is further catalyzed by a simple peptide, i.e., histidyl-histidine.

This suggests that the first enzyme-like molecules may have been
very simple peptides.

Another approach is to provide the energy needed for synthesis

of peptide bonds through the use. of other energy-rich chemical

species called condensing agents. Still another approach is to use
amino acids which have been "activated" prior to reaction. These

experiments are convincing evidence that amino acids readily enter

into combinations with one another, but these experiments do not

address the problem of reproducible organization into specific
sequences which would participate in self-replication.

The main difficulty with the "protein first" hypothesis is that

it does not seem possible to formulate a plausible scheme for protein

self-replication based on known properties of amino acids and pep-

tides. One type of proposal postulates a complementary pairing of
amino acids on two chains, analogous to base-pairing in nucleic acids.

Complementariness might depend on size, charge, hydrogen
bonding, or some combination of these properties. Such schemes

are certainly possible in principle, but there is no experimental evi-
dence for them.

Another group of proposals suggests that a family of peptides
forms a cycle in which each member of the cycle catalyzes the

synthesis of one or more other members of the cycle. It has been
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shownthat the synthesisof certain peptideantibioticsof well-
definedsequenceis broughtaboutby a groupof specificproteins
(enzymes)without the helpof nucleicacids.However,the peptide
antibioticsthat aresynthesizedarerelativelysimpleandmolecules
of this sizewouldnot becapableof catalyzingthesynthesisof com-
plex specificproteins.Certainly,theenzymesinvolvedareverycom-
plex and are themselvessynthesizedwith the helpof nucleicacids.
We do not think, therefore,that this systemis a goodmodel for
proteinself-replication.It is dangerousto bedogmaticaboutgeneral
schemesof self-replicatingpeptidecycles,but wesuspectthat they
all suffer from the sameproblem:simplepeptideslack sufficient
specificity,whilelargepeptidesaretoohardto makesothat it would
be impossibleto closethe cycle. Furthermore,evenif one self-
replicatingcycle existed,it is hard to seehow it could evolveto
greatercomplexity.

Nucleic acids first- There are a number of theories in which

polynucleotide replication is proposed to have preceded the synthesis

of ordered polypeptides. Proponents of such theories emphasize that

nonenzymatic complementary replication of polynucleotides seems

plausible in light of the known interactions between nucleotide
bases. We shall see that there is already a substantial body of experi-

ments supporting the idea that a preformed polynucleotide can

direct the synthesis of a complementary oligonucleotide according to

the previously described Watson-Crick pairing rules. The required

"preformed" nucleic acid may itself have arisen originally in a non-

ordered joining reaction of mononucleotides; such reactions are

already known. The polymerization of nucleotides, just as in the
related reaction of amino acids to form a polypeptide, effectively

requires the removal of one molecule of water for each addition of a
nucleotide to the growing chain. Therefore, it is not surprising to
find that successful polymerizations have usually employed drying

conditions, the addition of "condensing" reagents, or the removal of

water in a prior step to form an activated monomeric nucleotide. The

addition of a catalyst, such as a metal ion, can increase the yield of

polynucleotides quite appreciably. It has been shown that divalent
metal ions enhance the formation of oligoadenylates from an

activated derivative of adenylic acid. In the case of lead ion a 56%

yield of oligomer was formed, while in the absence of this metal ion
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the yield of oligomerwasabout4%.It hasrecentlybeenshownthat
simplecatalystscanbe important in moresophisticatedsequence-
copyingreactions,and certainlycontemporaryreplicationenzymes
haveallbeenfoundto containametalion attheactivesite.

Template-directed polynucleotide syn thesis-The central reac-

tion responsible for the stability of inherited characteristics is nucleic

acid replication, while a major source of genetic variation is the

inaccuracy of this process. This had led many researchers to postu-

late that nucleic acid replication, in which a preformed polynucleo-
tide template directs the synthesis of a new complementary strand,

was the first "genetic" process of the primitive Earth. This theory

is appealing, but it should not be accepted as dogma.

Under certain conditions, organized if unusual helical struc-

tures can form between polynucleotides and the complementary
monomeric nucleotides or nucleosides. It has been shown that if

certain activated condensing agents are added to energize the sys-
tem, the monomers can join to form short oligonucleotides. These

reactions have established that the Watson-Crick pairing rules apply

to these systems too in a nonbiological setting. A detailed analysis
of the products of early experiments revealed a startling structural
difference between this chemical condensation and the normal

enzymatic reaction. (The predominant internucleotide linkages in the
chemical product are 2'-5' rather than 3'-5' (fig. V-5), but in con-

temporary cells, it is the later linkage which is found almost
exclusively.)

Several years ago, it was shown that the Zn 2 + and Pb 2 + ions are

effective catalysts for energized template-directed synthesis yielding
oligomers of guanylic acid with chain lengths in excess of 30. (The

Pb 2+ ion gives predominantly 2'-5'-linked products, while the Zn 2+

ion gives mainly 3'-5'-linked products.) The Pb 2+ reaction has an

error rate of about 0.1 in the presence of a "wrong" base, while the
Zn 2 + reaction has a much lower error rate of 0.005. Thus, the Zn 2 +

catalyzed reaction produces products with the "usual" linking and

with an accuracy comparable to the accuracy required by a non-

enzymatic replicating system.

A more recent modification with a slightly different activating

group produces a comparable preference for the "usual" 3'-5'
linkage and comparable accuracy, without requiring Zn 2+. True
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Figure V-5.- There are two possible ways to form phosphodiester bonds in

the process of buiMing a polyribonucleotide from the monomers. Biology uti-
lizes only one of these linkages in RNA. That linkage is the 3'-5 _one illustrated

above.
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nonenzymatic replication of a nucleic acid with a mixed base

sequence through several generations of "offspring" has not yet been
demonstrated experimentally.

Thus, the question of whether nucleic acid sequences could

evolve by natural selection cannot yet be answered in a prebiotic sys-
tem, but experiments using biological enzymes were done to address

this question. Replicating systems consisting of the enzyme QB-RNA
polymerase and certain small RNA substrates have been used to

demonstrate molecular evolution in the test tube. One set of experi-

ments started with an RNA substrate that absorbs a dye, ethidium

bromide, and is then unable to replicate efficiently. By allowing the
RNA to replicate repeatedly in the presence of gradually increasing

concentrations of the dye, a new RNA substrate was generated which

was no longer inhibited, because it no longer bound the dye-stuff so

tightly. This system does not show self-replication, because each

round of synthesis required the addition of new enzymes. However,

experiments like these do show that RNA molecules can adapt by

natural selection to bind or reject specific organic molecules, and
this is relevant to discussions of the origins of the genetic code.

Recent experiments demonstrate for the first time that nucleic

acids themselves might cause interesting reactions to occur. An RNA

strand was observed to "snip out" a portion of its own sequence,

apparently without help from enzymes. This cannot really be called

catalysis, since the molecule acts on itself, and does so only once for
each molecule, but it does suggest that nucleic acids may be capable

of at least a few specific catalytic-type reactions. However, in the

absence of additional evidence that polynucleotides are able to func-
tion as catalysts, one cannot feel confident that nucleic acids could

do enough interesting chemistry to "go it alone."

As with amino acids (fig. V-2), nucleotides possess optically
active configuration. Observations that D-nucleosides react more

efficiently than L-nucleosides on a nucleic acid template made of

D-nucleotides, suggests that nucleotide chains that are made up of
monomer with the same enantiomeric configuration can undergo

template-directed replication, while "mixed" oligomers cannot. Of

course, either all D- or all L-oligomers would replicate equally well,
so this result shows only that the components of the primitive
nucleic acids must either all have been L-, or all have been D-isomers.
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It doesnot explainwhyonly D- insteadof L-nucleicacidsareimpor-
tantin biology.

Proteins and nucleic acids together- Since neither proteins

alone nor nucleic acids alone seem likely to be able to account for all

of the genetic properties needed for self-replication, the alternative is

to consider the development of a combined system of both proteins

and nucleic acids. This requires a coupling between the two kinds of

molecules in the form of at least a primitive genetic code.
While speculations as to how genetic coding might operate even

predated elucidation of the structure of DNA in 1953 by Watson and
Crick, an understanding of the essential nature of the genetic mate-

rial greatly stimulated the desire to understand how it is expressed.
As information accumulated in the 1950s and 1960s about the

molecular mechanisms of transcription, translation, and the coding

process, another question began to emerge. Why, for example, is

UUU a code for phenylalanine? There has perhaps been more specu-

lation about the basis for the origin of the genetic code than any

other aspect of molecular biology, and to enumerate and discuss

them all is impossible in a short review. The theories fall into two

groups: (a) Were the genetic code assignments based on some rela-

tionship (perhaps affinities) between amino acids and nucleotides, or

(b) were they the result of random processes? The idea that the code
is based on chance evolutionary processes, implies that we are not

likely ever to understand the basis for the origin, so that experimen-

talists have necessarily been concerned with the first theory. Evi-

dence for a physicochemical basis for the code, however, has not

been abundant. Experimentalists have shown that mononucleotides

have differential affinities for polybasic amino acids, but these affini-
ties relate more to the self-associative properties of the mononucleo-

tides than to code-related specificities. However, recent work has

shown a preferential affinity of certain polyamino acids, polylysine
for A-T rich DNA, and polyarginine for G-C rich DNA. In a similar

fashion, it has been shown that the aromatic amino acids (trypto-

phan, phenylalanine, and histidine) have different affinities for poly-

adenylic acid. This information was important in showing that, at the

monomer level, selectivities do exist.

Investigations have demonstrated that there are variations in
affinities of nucleotides for amino acids affixed to a column material,
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but thesevariationswerenot clearlyrelatedto the code.Similarly,
studieshaveshowna differentialuptakeof nucleotidesandamino
acidsinto detergentdropletscalledmicelles,but code-relatedcorrela-
tions were not evident from this work either. In 1976 the first
clear-cut, code-relatedcorrelations between hydrophilic (water
loving) and hydrophobic(waterhating)propertiesof aminoacids
andnucleotideswerereported.In addition,otherresearchersshowed
that a numberof additionalproperties,includinghydrophobicity,
polarity, andbulkinesswerealsocorrelatedbetweenaminoacidsand
nucleotides.Thus,very weakinteractionscanbedetectedbetween
aminoacidsandnucleotides,but whethertheseinteractionsprovide
enoughselectivityfor atranslationprocessisnot yet clear.

The demonstrationof a weak,specificinteractionbetweenan
aminoacid and a nucleotidedoesnot put usmuchfarther forward
unlesswe cancoupleit to anefficient peptidesynthesisreaction.
Manymechanismshavebeenproposedfor simplesystemsthat might
becapableof translatingnucleicacidsequencesinto peptidesof pro-
tein sequences,but no experimenthasevershownactualtranslation
in the absenceof thecomplexcomponentsof thecontemporarycell.
A fewexperimentshaveshowna slightinfluenceof nucleicacidon
the yield of condensationof a singleaminoacid,with variationof
yield aseither the aminoacidor nucleicacidis changed,but these
experimentsarenot convincingevidenceof atranslationeffect.Asa
resultfurtherexperimentalverificationis in order.

There is no paucity of suggestionsfor the origin of protein
synthesisandof the geneticcode,but therearefewsuggestionsthat
areboth chemicallyexplicit andbelievable.Somepapersarerather
philosophicalanddo not leadimmediatelyto atestableexperiment.
Othersareexplicit but thechemistryappearsto beinconsistentwith
presentknowledge.Actuallytherequirementsof anefficientpeptide
synthesissystemcan be statedquite simply. The reactingamino
acids,perhapsattachedto specificoligonucleotidecarriers,needto
be linedup on the template,suchthat adjacentaminoacidsareheld
close enough together and in the proper orientation to allow reac-

tion. The amino acids need to be in a sufficiently reactive form, so

that the peptide bond formation is a spontaneous reaction, but not

so reactive that hydrolysis competes with peptide bond formation.

In addition, the mechanism has to be recursive, i.e., repetition of the

process should result in a gradual elongation of the peptide chain.
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Proposed translation models- Although most of the models

that have been suggested for the first translation apparatus closely
resemble the contemporary process of reading a linear message with

triplet adapters, a number of other models have to be kept in mind

as possibilities. Examples include systems involving adapters reading
a single base rather than triplets, mechanisms with direct bonding of

amino acids to polynucleotide templates, and various feedback

linked systems. These tend to suffer from the problem of explaining

how the contemporary genetic system could have evolved from such
a different mechanism. On the other hand, some of these alternative

models tend to be more easily evaluated experimentally. For

instance, recent experiments have demonstrated that amino acids

attached to single nucleotides give an enhanced yield of peptide
formation when the nucleotides are lined up on a complementary

strand of polymer. There clearly remain many other novel mecha-

nisms to be discovered and suggested.

It must be kept in mind that the problem may not yet be solva-
ble because some vital information may not have been discovered.

Additional knowledge of the three-dimensional structure of ribo-

somes and transfer RNA is beginning to shed more light on how the

complex translation apparatus operates in the contemporary cell.
Structural studies of nucleic acids can still yield some surprises. It

seems likely that increasingly detailed knowledge will suggest new

possibilities for prebiotic studies of the translation mechanisms.

In spite of the caveats that we must acknowledge, the correla-

tions of properties and affinity data between amino acids and nucleo-
tides, while certainly leaving us far from final answers, at least sug-

gest that discernible patterns exist in the coding mechanism and give

hope that primitive translation can be elucidated when sufficient
data are available.

MEMBRANES

We can now ask what kinds of structures could coevolve with

a replicating system that might enhance the ability of the system to

incorporate the functions described above, and to evolve toward

the structure we accept as a living cell. A key component of all
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cellsis the cell membrane,whichallowscellsto maintainaninternal
milieu different from the externalenvironmentin the composition
andconcentrationof compounds.Themainstructuralcomponentof
all membranes- with rareminor variations- is the lipid bilayer.It
isasfundamentalastructurein cellsastheDNAdoublehelix,in that
it constitutesthe basicpermeabilitybarrierwhichdelimitsthe cells
andcontrolstheirinteractionwith theenvironment.

In prebioticexperiments,somealternativesto lipid bilayersas
permeabilitybarriershave been proposed,including coacervates,
microspheresof proteinoid, or other heterogeneouspolymers,
micelles,andsurfacesof minerals.All of theseshowsomeability to
selectivelyconcentrateor retainsomeof themoleculescharacteristic
of livingcells.However,noneof themisasefficientaslipid bilayers,
andin additionit is difficult to accountfor how thesecouldevolve
into the lipid bilayermembranesof moderncells.

In the absenceof an understandingof exactlyhowmembranes
or otherstructuresbecamecoupledto geneticmechanisms,it isbest
to remainundogmaticaboutwhichstructuresweremostimportant,
or aboutwhethergeneticmechanismsdevelopedbeforeor after the
structuralcomponents.

It is usefulat this point to list somepropertiesof lipid bilayers
that may be relevantto thedevelopmentof replicatingsystemson
the prebiotic Earth. Thesepropertiesfall into subcategoriesthat
include physical, chemical,and supramolecularaspectsof lipid
organizationin aqueousenvironments.Only oneclassof lipids, the
phospholipids(fig. V-6), is generallyinvolvedin the formation of
membranes.It is astrikingpropertyof mostphospholipidsthat in an
aqueousenvironmentthey form stablebilayerstructuresthat typi-
cally closeto form vesicularmembranes.Sincephospholipidshave
beensynthesizedunderplausibleprebioticconditionsandhavebeen
demonstratedto form vesicles,it isassumedthat lipid bilayervesicles
werepresenton theprebioticEarth.

Thenextquestionconcernshow suchstructuresmightcontrib-
ute to prebioticevolution.The chemicalpropertiesof lipid bilayers
include a highly chargedsurfaceand a nonpolar interior of the
bilayer.Thesetwo propertiesrepresentanalmosttotally unexplored
areafor researchin prebioticevolution,andsuggestanumberof new
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Figure V-6.- The membranes of most living cells are made up of (a) phospho-
lipids. They spontaneously form a lipid bilayer (b) in water as illustrated above.

research directions. For instance, it is likely that the charged sur-

faces, like those of clays, have catalytic properties, and this possibil-

ity should certainly be investigated.

The hydrophobic moiety also holds considerable interest. All

contemporary light energy transducing systems depend on a non-

polar membrane phase to embed specialized pigments and enzymes,
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and to provide a barrier for the electrochemical gradients produced

by the pigment-enzyme systems. It is reasonable to assume that pig-

ment molecules, formed under prebiotic conditions, would partition
into the nonpolar phase of lipid bilayer membranes and offer primi-
tive light energy-trapping functions.

A significant physical property of the lipid bilayer is its relative

permeability to various ionic and molecular species. In contemporary
cells, the bilayer is understood to be the major barrier to free diffu-

sion of water-soluble substances. The special permeability properties
of cell membranes must be attributed to their other major constitu-

ent, the proteinaceous channels and enzymes that permit or drive

ion and chemical transport. Recently, small peptides (e.g., valinomy-

cin) have been shown to form specific ionic channels in a lipid
bilayer.

Energy Transduction by Early Membranes

We can now go on to discuss possible contributions of mem-

brane structure to evolution of energy transduction systems on the

prebiotic Earth. The energy necessary to generate and maintain the

organization of early life forms has usually been assumed to have

come from chemical reactions of compounds synthesized by pre-

biotic processes. There is, however, another source of energy, which

has largely been overlooked. Given the existence of lipid bilayer-

enclosed vesicles, concentration gradients across the lipid bilayer
would arise if the environment should change after the vesicles have

formed. Chemical reactions favored by the milieu inside the vesicles

would also set up concentration gradients. Concentration gradients
of charged solutes could generate diffusion potentials and the flux of

one charged species across the lipid bilayer could be coupled to the

flux of any other charged species. If amino acids are polymerized
inside a vesicle, this would give rise to an amino acid gradient, as

would the breakdown of the polymer. In a similar fashion, many
chemical reactions would change the acid/base nature of the vesicle

interior. These could couple chemical reactions in the vesicle interior

to transport processes. For example, many organic weak acids and
bases permeate lipid bilayers easily in their undissociated form and

would accumulate or be depleted inside vesicles if pH gradients
existed.



102

Gradientsof other ionssuchassodium,potassium,andcalcium
can be modulated by carriers or channels. Relatively simple organic

compounds are known which act as carriers for these ions, and it is

possible that analogous compounds could have arisen abiogenically.

It should be noted, however, that in contemporary cell membranes
channels rather than carriers appear to be the main mediators of spe-

cific ion permeabilities.
Closed membrane compartments play, of course, a crucial role

in the two most important contemporary energy conversion sys-

tems - photosynthesis and respiration. Their evolution has been
extensively discussed and will not be further pursued here. However,

cells presumably existed before either of these mechanisms evolved

and our main purpose is to discuss the problems of evolution from

abiogenic organic matter to protocells. The speculations advanced
here are necessarily based on our knowledge of present-day living

cells. Unfortunately, fossils tell us little about the chemistry of
Precambrian life.

Thus, we have been taken full circle back to the Precambrian.

We have traced our knowledge from the fossils dated 3.5 b.y.

through our speculations about the early Earth from 4.5 b.y. until

3.5 b.y. We must note here that this gap of almost 1 billion years is

slowly being filled by our experiments in the laboratory and by our

expanding knowledge of our Earth and solar system. We have there-
fore deemed it necessary to outline in the concluding chapter the

next steps in our quest to close the gap and elucidate the nature of

the origins of life on Earth.
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VI. RECOMMENDATIONS

INTRODUCTION

As a field of active scientific inquiry, the study of the origins of

life is clearly in its infancy. By its very nature, it is multidisciplinary,

requiring contributions from astronomers, biologists, chemists,
geologists, physicists, and many others.

We have seen that the gaps in our knowledge of the steps from

the nonliving to the living are numerous. Among these gaps are

(a) a solar system formation with its accumulation of raw materials,
(b) the synthesis of the life-forming monomers, such as the amino

acids, nucleotides, and lipids, (c) the condensation of these mono-

mers into useful polymers such as proteins and nucleic acids, (d) the

sequestering of these materials into droplets of proteinoid or

membrane-like structures, and (e) the development of a chemical
memory (the genetic code) to pass on to the progeny the informa-
tion acquired.

Throughout the text we have shown the partial answers to the

many questions we have asked about organic chemical evolution and

the origin of life, yet much remains to be learned. Thus, it behooves

us to identify those unanswered questions. The following discussions,

therefore, represent an attempt to identify these issues with the

provisions that (a) the compilation is not intended to be complete,
but rather, it represents important areas of future research identified

by a specific group of people, and (b) progress in any one of these
areas might change the whole direction of research in the field.

Professor Harold Urey was a remarkable American

scientist who as much as any other man opened up

the field of origins of life to modern study.
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SOLAR SYSTEM

The record of the early history of the solar system may be pre-

served in the organic and inorganic matter of the comets. Present
evidence is consistent with two possible scenarios for the origin of

the organic molecules sublimating from the cometary nucleus. Either

they represent the "frost" of interstellar molecules that condensed
onto those interstellar grains that have later accreted into comets, or

they represent the "snows" that condensed onto silicate grains dur-

ing the cooling phase of the presolar nebula. If they represent the
frost of interstellar molecules, we must obtain a more detailed under-

standing of what this frost is. To accomplish this we propose to

elucidate the major processes (stellar, circumstellar, interstellar, etc.)
involved in the formation of gaseous organic molecules detected in

interstellar space. For example, is the formation of much more

complex solid polymeric organic molecules possible in interstellar

dust-ice grain surfaces? How could they be detected?

In addition, we need to acquire new and improved receivers at
millimeter and submillimeter wavelengths, and new, accurate, and

large telescopes to collect these wavelengths. Unavailable funds in
this area would likely set the United States back in its worldwide

lead in the study of the interstellar molecules during the 1980s.

Therefore, a greater effort should be exerted to convince the Govern-

ment of the significance of these research tools.

However, if the comets represent the snows that condensed dur-

ing the primitive solar nebula, then the organic and inorganic con-
stituents would record for us the composition of the early solar

system.

We can't go on much longer without knowing more about

comets. Even if these objects did not bring biomonomers to the sur-

face of the primitive Earth, they may have been a major source of
the volatile elements from which these compounds were later

formed. We need to study comet nuclei with a rendezvous mission

that brings a spacecraft close enough to permit detailed measure-
ments of the nucleus and inner coma. The program should build

toward a capability for sample return and interception of a large,

active comet that is approaching the inner solar system for the first
time.
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Another possiblerecordfrom whichto studythe composition
of the earlysolarsystemis meteorites.Considerationof modelsfor
the originof solidbodiesin thesolarsystem,anddataobtainedfrom
thestudyof meteoritesraiseanumberof importantissues.

Differentiationand hydrothermalprocessesoccurredon small
bodiesveryearlyin thechemicalevolutionof thesolarsystem.Simi-
lar processestook place on the primitive Earth, but the chronology
and the consequences of these processes on the thermal, geochemi-

cal, and atmospheric evolution of the Earth's prebiotic environment

are major unknowns, and require elucidation. Insofar as processes
operating on meteorite parent bodies can be generalized or related to

similar processes on the Earth, then continued study of their mani-

festations in meteorites will contribute significantly to understanding
the environment in which life originated.

The hypothesis that an interstellar cloud of dust and gas pro-

vided the spawning ground for the entire solar system is generally

accepted. Models based on this hypothesis hold promise of providing
a coherent framework for understanding the origin of the solar sys-

tem and of, ultimately, life itself. In this context, relationships
should exist between the organic matter in interstellar clouds,
comets, and carbonaceous meteorites; thus, research efforts aimed at

elucidating the nature of the relationship should be strongly encour-
aged. Contributions to the confirmation or denial of models for the

origin of bodies in the solar system should become a major objective
of organic chemical evolution research.

Planetesimals resembling meteorites and their parent bodies are

believed to have supplied the building blocks for formation of the
planets. Carbonaceous meteoritic material would have contributed

significantly to the crust, mantle, and inventory of volatiles of the

primitive Earth. How these contributions influenced its physical-

chemical evolution and, therefore, the setting in which life origi-

nated should be of major concern in the study of the origin of life.
We still don't know where the carbonaceous meteorites came

from; however, asteroids represent prime candidates. We do know

that there are large numbers of dark asteroids whose reflectance
spectra resemble those of carbonaceous chondrites. Is there a connec-

tion? Do these objects also contain organic compounds?
From the above considerations it is obvious that detailed

studies of meteorites should be continued. And, a mission to the
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asteroid belt which could sample and return materials to Earth is
important in our attempt to elucidate the history of the early

solar system and, hence, to the origins of life.

Evidence bearing on the problem of the chemical setting for

prebiotic synthesis may yet be forthcoming from comparative

planetology. The information derived from the knowledge of our

sister planets will provide constraints for the origin and develop-
ment of our Earth.

The colors on Jupiter have long been thought to indicate the

presence of organic chemical synthesis. Since the highly reducing

atmosphere of Jupiter is consistent with some models of the Earth's

early atmosphere, Jupiter may well represent a model for primitive

Earth's chemistry. It is becoming increasingly evident that we are

going to have to go there to find out. The Galileo Project will make

a first step in this direction, but it is clear that more sophisticated

explorations are required.
In the same vein, Titan, despite its low temperature, remains

important because of its methane/nitrogen atmosphere, its red

color, and the variety of evidence suggesting the presence of a photo-

chemical smog. Because chemistry is taking place in this primitive

reducing atmosphere today, and the products of these reactions are

believed to be accumulating on the satellite's surface, a well-

preserved record of carbon cosmochemistry undoubtedly exists.
Thus, preliminary explorations of this environment are in order.

Within the context of a totally different planetary environment,
there is still much to be learned from Mars after Viking. For exam-

ple, judging from tile ages deduced for some parts of the surface
from densities of impact craters, there should be very old (older than

4 billion years) rocks on Mars. These rocks should presumably tell us

whether or not Mars ever had a strongly reducing atmosphere.

In addition, detailed surface analysis of Mars may yet provide
information about organic matter in protected environments, and

information on the ages of various strata would be fundamental in

understanding the epochs of liquid water. Finally, the mineralogy

would help to answer two important questions. First, are the "miss-
ing volatiles" tied up in the form of carbonates, nitrites, nitrates, and

sulfates? And second, laboratory studies using iron-rich clays appear
to satisfactorily explain the results of the Viking experiments. Are

these clays present, and if present what is their nature? Thus, we are
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presentedwith a comparativeapproachin assessingthe earlyevolu-
tion of the solarsystemand theoriginof life. Weareadjustingour
sightsto the understandingof the planetarystageon which life
entersasa player.WastheancientEarththeonly stageonwhichlife
could play?This is thedeepestquestion that future researchmust
answer.Fromcometsto planets,NASAistheprimeagencygathering
thedatanecessaryfor providingananswerto thisquestion.

THE EARTH

Studies of the origin of life require an accurate reconstruction

of conditions and events on the early Earth. Investigations of those

matters, once rare, are becoming more common as new techniques

become available and as other developments in Earth science allow

problems to be more clearly defined and profitably attacked. As this

work proceeds, it must constantly be borne in mind that the early
Earth was, quite literally, "a different planet." The contrasts

between surface conditions on the early Earth and those on the

modem Earth are nearly as large as the contrasts between the surface
conditions presently found on the Earth and on Mars. It is not just a

play on words, therefore, to speak of a "mission to the early Earth"

just as we might speak of a "mission to Mars." While the latter

involves the use of spacecraft and a journey of millions of miles, the
former presents equal challenges (and promises equal scientific

returns) in a journey across billions of years.

The space sciences thus have a special contribution to and
should have a special interest in - the studies of the earliest phases of

Earth's history. The space scientist's avoidance of "geocentric bias,"
the unwarranted attribution of Earth-like characteristics to other

planets, is perfectly appropriate to studies of the early Earth.

Equally, the development of an accurate view of the earliest stages of

Earth's history can provide crucial information regarding the origin

and formation of planets generally, and can significantly constrain
theories regarding the origin and development of the solar system.

Contrasts between the ancient and the modern Earth are

nowhere greater than in biology, which has embodied a progression
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fromno fife, to primitiveforms,to bacteriaresemblingthoseencoun-
tered today, to - after billions of years- single-celledplantsand
animalswith biochemicalsystemslike those found in higherlife
forms.This progressionof microbeshascausedeventsof planetologi-
cal significance the developmentof anoxygenicatmosphereand
the depositionof vast mineral depositsbeingbut two examples.
Studiesof the origin and early developmentof life, thus, simply
cannotbeseparatedfrom generalinvestigationsof the earlyhistory
of the Earth asa planet.Thegeochemicalrecordof the historyof
thevolatileelementson Earthis the recordof thehistoryof life on
Earth,andanunderstandingof that recordis crucialto anaccurate
reconstructionof eventsin theearlysolarsystem.

Therecordfrom theearlyEarthhasnoparallelatlaterstagesof
Earth's history; closeanalogsmay eventuallybe found on other
planets,but no similarenvironmentsoccuron the modemEarth.In
a situationso without precedent,it will benecessaryto constantly
avoidunjustifiedextensionsof presentgeochemicalmodels.As it is
acknowledgedthat the earlyEarthwaswithout multiceUularorgan-
ismsor landplants,it mustberecalledthatthisplacesall the primary

productivity in the hands of microorganisms and creates a global eco-

system very different from any which has been considered for the

past 0.5 b.y. As microbial ecosystems are then recognized as espe-
cially important subjects for study by planetary biologists, it must be

recalled that the global impact of modem microbial ecosystems is

buffered, perhaps powerfully, by the great mass of the biosphere
which lies outside them.

The establishment of a research program at the interface

between planetology, geology, and microbial ecology is, if anything,
overdue. As it is welcomed and carried forward, the origins of its

importance and the uniqueness of the problems it addresses must be

kept constantly in mind. The best contributions will result from the
arduous confrontation of all the evidence: biological, chemical, geo-

chemical, geological, and astrophysical.

Such a research program must answer a number of questions.

For example, can there have been any survival of prebiotic organic

matter? How (chemically) might this prebiotic organic material be
recognized? When did life first appear? To answer this question, the

analysis of rock systems (e.g., Isua, Greenland; Swaziland, S. Africa;

and Pilbara, N.W. Australia) is of prime importance. Studies should
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include thoseon organicgeochemistryandisotopeanalyses,miner-
alogicaland elementalanalyses,andmicromorphologicaland ana-
loguecommunityanalyses.

Fossilsare the recordsof historical eventsimportant in the
originandevolutionof life. Theyexistin threeforms:(1) embedded
in rocks,(2) inherentin the complex,metabolicpatternsof living
organisms,and (3) recordedin the sequencesof amino acidsin
proteinsandin thesequencesof nucleotidesin RNAandDNA.

Theknowledgewehavegainedfrom the rock record,in recent
years,has improvedmeasurably.In particular,photosynthesis,as
representedby the photosyntheticbacteria,appearsveryearlyin the
rock record.Thesefindingsareconsistentwith the hypothesisthat
autotrophic(or photosynthetic)organismsaretheoriginallife forms.
This wouldupsetthe currentconjecturethat theoriginalorganisms
wereheterotrophicandhence,wouldchangeour perspectiveon the
problemof the origin of life. Thesearchfor olderrocksshouldbe
activelypursued.

To supplementthemicrofossilrecords,isotopefractionationsof
lighter from heavierisotopesof carbonandsulfurhavebeenused.In
thecaseof carbonthe fractionationof isotopeshasbeeninterpreted
asdue to the fixation of carbondioxide in photosynthesisby the
Calvincycle.Thesulfur isotopefractionationisrelatedto thereduc-
tionof sulfateto sulfidebyvarioussulfurbacteria.

In therealmof metabolism,the fixation of carbondioxideby
variousorganismsby metabolicpathwaysotherthantheCalvincycle
and the relatedfractionationsof isotopeshasnot beenextensively
studied.Examplesarethe fixationsby Chlorobium(photosynthetic
greensulfur bacterium)of carbondioxideby a reversecitric-acid
cycle, andthe fixation by the methanogensof carbondioxide by
metabolicpathwaysstill unknown.Thus,the interpretationof the
isotopefractionationin thegeologicalrecordiswoefullyweakonthe
biologicalside.A muchmoresystematicstudy of carbondioxide
fixationis in order.

In the caseof sulfur isotopes,the role of sulfide to sulfur
metabolismin photosyntheticbacteriahasbeenignoredin recent
yearsin spiteof thepostulatedearlyappearanceof H2S photosyn-

thesis in the biosphere. Again this is evidence of a poor liaison
between biologists and isotope geochemists.
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Thus,the lack of acoherentattackon the problemis evident
in carbonandsulfur isotopicfossilgeochemistryanda closecollab-
oration between the biochemistand the isotope geochemistis
imperativeto solvethisimportantproblem.

THE CELL

Studies in recent years have shown that the halophiles (e.g.,
Halobacterium halobium) create a proton gradient across their mem-

branes after the absorption of light by bacteriorhodopsin. This is

considered by many to be the most primitive photosynthetic model
which we have available for study. As noted in chapter III the halo-

philes belong to the archeabacteria. These organisms which include
the methanogens have very different cell membranes and

coenzymes, and a protein-synthesizing machinery which has proper-
ties intermediate between procaryotic and eucaryotic cells. A cur-

rent conjecture is that the archeabacteria branched off from other

bacteria about 3.4 b.y. ago. Therefore, a detailed comparison of the
two should push our knowledge of the biological record back. A

coherent and systematic use of sequences of amino acids and nucleo-

tides to clarify this split has just begun. The continual investigation

of these sequences will be important in elucidating the nature of

early life for us.

Among the kinds of questions or problems that should be

addressed is a general one - the description and reconstruction of
the universal common ancestor. At what stage in evolution did the

entity exist? Was it preprocaryotic? Why was there a common

ancestor? Was it chance? Was it necessary? What are the salient

differences among the three major lines of descent?
In addition, the problem of evolution of metabolism needs to

be addressed. What was the nature of pregenetic "metabolism"?

Was it a basically dark reaction, solution biochemistry as is com-
monly believed? Or was it basically a "membrane" (surface) chemis-

try? Although pregenetic, was it nevertheless cellular? Did a primi-

tive, pregenetic metabolic network develop any refining quality; i.e.,

did it tend to organize itself, become restrictive, more specific? What

were the primitive catalysts? Reaction centers? How do they relate
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to today'sco-enzymesandprostheticgroups?Whatwastherelation-
ship, the transition, betweenpregenetic"metabolism" and what
would later be the true cellularmetabolism?It hasbeencustomary
to think that the first cellswereheterotrophsandsohadvery little
metabolismof their own (they took all aminoacids,nucleotides,
etc., from their rich growthmedium).Is this a correctview?Is the
Horowitz hypothesisfor the origin of metabolicpathways(i.e.,
by backwardevolution,oneenzymaticstepatatime)acorrectview?

Also, we must be concernedwith the problemof primitive
energysources.Whatmechanismgeneratedchemicalenergyfor pre-
biotic, pregeneticsystems?Wastherea pregeneticphotosynthesis
(visible-infraredrange)?To what extent were chemicalreactions,
such as CO2 + 2H2 _ CH4 + 2H20, presentand utilized? Did
membrane-associatedenergyproductionoccur,suchasthroughsys-
tems that automaticallygeneratedtransmembraneH+ (or other)
gradients?

Weshould,in addition,elucidatethenatureof thedevelopment
of a genetic(informational)system.Whatis the molecularmecha-
nism of translation?How do variousversions(eucaryotic,archea-
bacterial,eubacterial)of the ribosomediffer from one another,
andwhatdoesthis tell usabouttheoriginof thatstructure?Whatis
the mostprimitive form of the translationapparatus?How did the
geneticcodeevolve?Whatis therelationshipbetweenits evolution
andthe variousstagesin theevolutionof thetranslationmechanism?
What is the relationshipbetweennucleic-acidreplication(or its
transcriptions)and translation?Whatis the significanceof the fact
that bacterialRNAviral replicasehasfour subunits,threeof which
areassociatedwith the translationprocessin thehostcell?Whatwas
thenatureof the aboriginalgenome?Wasit RNAor DNA?Howwas
it organized?Whatwerethe aboriginalgenes(what functionswere
encoded)?Whatwasthe relationshipbetweenthe aboriginalgenes
andtheir geneproducts?

Finally, we mustinvestigatethe natureof the eucaryoticceil.
How did it evolve?To whatextentandin whatwaysareendosym-
biosesresponsiblefor the uniquenessof theeucaryoticcell?Wasthe
eucaryoticcell basicallyformedby the fusionof variousprocary-
otes?Or, did mostof the importantcharacteristicsthat arespecifi-
cally eucaryoticstemfrom a pre-procaryoticstagein evolution?To
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whatextent and in whatways(if any) is theeucaryoticcell poly-
phyleticin origin?Morebroadly,to whatextentis it chimeric?How
many (and what) major linesof eucaryotesare there?(In other
words,how manykingdomslie hiddenin the generalclassification
protista?)Thisquestionis underlainby theimportantgeneraloneof
how easilyvariousmajorstatesin evolutionarearrivedat.Thewide
rangeof questionsraisedpointsto a futuregrowthof knowledgein
this area.The origin of the cell may lay hiddenin the biological
record.

To quote the biochemist,Szent-Gyorgyi:"Life hasdeveloped
its processesgradually,neverrejectingwhatit hasbuilt, but building
overwhathasalreadytakenplace.As a resultthecellresemblesthe
siteof anarcheologicalexcavationwith the successivestrataon top
of oneanother,the oldestonethe deepest.Theolderaprocess,the
morebasica role it playsandthe strongerit will beanchored,the
newestprocessesbeingdispensedwith mosteasily."

CHEMICALEVOLUTION

As wehavepointedout in chapterV, thefieldof chemicalevo-
lution hasbeenguidedby thepremisethat theprimitiveatmosphere
washydrogen-rich,a reducingatmospherewith themajor formsof
carbonandnitrogenbeingmethaneandammonia.However,recent
modelsof theEarth'searlyatmospherehaveplacedseverelimitations
on the amountof hydrogenoriginallypresent.Sincesuchaprimitive
atmospherewouldbedominatedby carbondioxideandnitrogen,the
capabilityof this atmosphereto sustainsynthesisof aminoacidsand
otherbiomonomersmightbe limited. Thepossibilitythat therewas
no soup of any complexity must thereforebe consideredand
exploredexperimentally.

Thus, the field of the synthesisof biomonomersmust be
broadenedto encompassnot only experimentsasthey havebeen
classicallyconceived(i.e., in the reducingatmosphereof theMiller-
Ureymodel)but also,experimentsutilizingnonreducinggases(i.e.,
CO,CO2,N2, etc.),minerals,andlight.To theabovemustbeadded
the constraintsimposedby our expandingknowledgeof the early
Earth.
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Theseresearchareasoverlap the research interests of scientists

in the solar-energy conversion field who are actively exploring metal

surfaces and minerals which, in the presence of light, will photolyze

water and reduce carbon dioxide and nitrogen. Therefore collabora-
tion in this area should be encouraged between prebiotic chemists

and scientists attempting to capture solar energy by chemical means.

Recent studies suggest clays, mineral surfaces, and metal ions

had important roles in activating organic molecules for reaction, and

stabilizing polymers by binding them to surfaces and then catalyzing
condensation reactions. The oxidation state of the metal ion used is

critically important and it should be compatible with the expected

oxidation level of the metal ion in the presence of the reducing

environment of the primitive Earth. Further research on catalysis and

absorption by inorganic substances may help explain why only a

limited group of organic molecules were included in living systems.
Many compounds with UV and visible chromophores are

produced in experiments which simulate chemical transformations

on the primitive Earth. In only a few instances the role of UV light in
the further transformation of these compounds has been investi-

gated. Since light in the UV-visible range was one of the most potent
energy sources impinging on the primitive Earth, this area of research

merits more extensive investigation. Of particular importance is the
possibility of utilizing the light energy to drive reactions that would

normally be energetically unfavorable, such as peptide or nucleotide
bond formation.

It was recently observed that the sulfate in sea water is reduced

to sulfide when it comes in contact with molten portions of the

Earth's crust at the Galapagos Rift. This sulfide is emitted as H 2 S or
metal sulfides from these thermal vents. The ease of reduction of

sulfate suggests that most of the sulfur on the primitive Earth was in

the sulfide oxidation state. The role of sulfide ion and insoluble

metal sulfides in chemical evolution deserves more detailed investiga-
tion. The pronounced (nucleophilic) reactivity of the sulfide ion

could result in a marked change in the reaction pathways observed in
its absence.

A case for a role of HCN in chemical evolution has been estab-

lished by previous research. Purines, pyrimidines, and amino acids

have been synthesized from HCN. Further analysis of the mono-

meric building blocks formed from HCN merits investigation. This
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study shouldincludethe investigationof catalysisby mineralsur-
facesandmetalions,sincelittle hasbeendoneto studythecomplex
interactionbetweenorganic and inorganic species on the putative

primitive Earth.

Apart from the fashionable areas of amino acids and bases, the

synthesis of other biomonomers should be pursued. For example, is
the "formose" reaction the correct answer to the prebiotic formation

of the more important sugar compounds? Ribose is formed in low

yield by the base-catalyzed condensation of formaldehyde. A compli-

cated mixture of C4, Cs, C6, and C7 branched and linear sugars are
made in this reaction. Either ribose was formed under a more unique
set of reaction conditions or else there was a mechanism for the

selection of ribose from this complex mixture. In addition, we still

do not have prebiotic syntheses for long chain unbranched fatty

acids, alcohols, aldehydes, or isoprenes with relatively high yields.

In the near future we can anticipate more work on membranes,

and two specific questions need to be resolved. How and when did

specific transport systems for solutes through lipid bilayers arise?

Can a plausible protocell be built from amphipathic lipids, proteins,

and (pre)nucleic acids? We anticipate a large input into prebiotic
chemistry from the experimental study of lipid bilayers, and research

in this area should be encouraged.

An important adjunct to the question of the formation of bio°
monomers is the origin of optical asymmetry. For example, was the
selection of L-amino acids as the constituents of proteins a matter of

chance, or was it the result of some asymmetric process on the pre-

prebiotic Earth? Further work in these areas is warranted.

In the last few years an abiotic synthesis of glycine has been

suggested as occurring in a spreading rift zone, specifically in the
Red Sea. This suggests that the submarine hydrothermal systems

should be studied as a possible model system for prebiotic chemistry.

Environments on the Earth are subject to all kinds of fluctua-

tions: diurnal, seasonal, and tidal. For example, in some experiments
environmental fluctuations of temperature and moisture content

have been successfully used to produce peptides from amino acids.

Overall, how important were fluctuations for organic chemical evolu-

tion? Were they necessary? These are but two questions we can ask

relative to this potentially important regime.
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Most experimentsthat modeleventson the primitive Earth
focuson one or two steps in the process of chemical evolution. With

the advent of sensitive analytical techniques it is now feasible to set

up long term experiments where reactants are gradually added and
removed from a flask over a long period of time in a situation which

mimics the formation and reaction of biomolecules on the early
Earth. The effect of changing the temperature, the exposure to light,
and the reactants can be followed over periods of weeks and months

by analysis. This experimental approach provides a more accurate
model of the flux of chemicals through the primitive oceans and

hence should provide useful information concerning the rates at

which specific biomolecules were formed. This approach would also

be ideal for the investigation of reactions taking place using mixtures

of several reactants. For example, the reaction of carbon dioxide,

hydrogen cyanide, formaldehyde, and UV light could be investigated
in one such system.

As has been pointed out, much clearly remains to be learned

about monomers. If, however, we assume for the purpose of the fol-

lowing discussion that, in principle, the problem of monomer pro-
duction is solved, the next step requires condensation of amino acids

into polypeptides and of bases, sugars, and phosphate into mono-

and poly-nucleotides. This problem is still unsolved, despite the fact

that many successful condensations have been carried out utilizing,
as reagents, products of the electric-discharge reaction. The reason

this problem remains unsolved is that, for ease of experimentation,

only a limited number of organic molecules are used in most of these

condensation studies. For example, amino acids (used in experiments
to produce peptides) are only a fraction of the total organic com-

pounds produced in the spark discharge, and amino acids would be
expected to react with non-amino acids most of the time if the com-
plex mixture were heated. The same criticism can be made of most

of the "prebiotic" dehydration condensations that have been
published.

Unless some experiment using complex mixtures of monomers

actually yields polymers of interest, it would appear that a process of
fractionation must have intervened between the formation of the

original prebiotic pool of organic compounds and their condensation

into biologically useful polymers. Some related questions include

whether amino acids and nucleic acids can polymerize in the same
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system without interfering with each other. Also, can relevant
reactionscarriedout with opticallypurestartingmaterialsbedone
with racemicstartingmaterials?The study of puresystemsis cer-
tainly easier,but the studyof mixedsystemsshouldbeencouraged
due to the important unansweredquestionsin this area.These
questionsareamongthemoreimportantonesfacingworkersin this
field at the presenttime, sincethey bearon theorderof eventsin
the origin of life; e.g.,whetherpolypeptidesor polynucleotides
appearedfirst, aswellaswhetherlaboratoryexperimentsarerelevant
to morecomplexsituationson theprebioticEarth.

MODELS FOR EARLY LIFE FORMS

Since we define life in terms of its genetic properties, and since

the only known system possessing these properties is the protein-

nucleic acid system, the most easily defended position holds that the

first living things were based on this system. However, the sponta-

neous origin of such a complex mechanism poses great conceptual
difficulties. Therefore, other possibilities should be considered. An

important constraint is that the original self-replicating system,

whatever it may have been, must have had the capability of evolving
into the protein-nucleic acid system. Possibilities that are worth

exporing include: (1) polynucleotides with some catalytic capability

and (2) polypeptides with some replicative capability. Obviously,

these systems would be extremely inefficient in comparison with the
highly evolved modern mechanism, but they might have been suffi-

ciently accurate to survive and evolve under the benign conditions of

the primordial Earth. Either one might have been capable of develop-

ing into the modern cell.
The question of whether polynucleotides alone can constitute a

self-replicating system can in part be answered by the development

of experimental models for nonenzymatic replication. Some pro-

gress has been made in understanding how preformed polynucleotide
chains can function as templates to direct the synthesis of their

complements in nonenzymatic reactions. However, much remains to

be learned about the catalytic effect of peptides, metal ions, etc.
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Workon theincorporationof pyrimidinesin template-directedreac-
tions is alsoimportant.Furtherstudyof template-directedreactions
shouldcontributeto our understandingof the originsof nucleic
acidreplication.

Theminimallivingsystemmustbeself-duplicatingandmutable,
andit musthave,at leastlatently,thecapacityfor heterocatalysisfor
bringingaboutchemicalchangesin theenvironmentthatsupportthe
self-duplicationfunction. In other words,a living thing must be
capableof rearrangingtheuniverseto producemoreof itself;andthe
"self" mustbecapableof continualchange.All of this impliesinfor-
mation storage,replication,retrieval,andutilization.Contemporary
life displaysthesepropertiesin a combinedprotein/nucleicacidsys-
tem, so further work in this areais especiallydesirable.Themajor
unresolvedproblemis in the areaof translationandgeneticcoding
which featuresthespecificinteractionsof aminoacidswith nucleic
acidsor shortoligonucleotides,andformationof peptidebondsby
templatemechanisms.Both areworthpursuing.Thedemonstration
of translationin an experimentalmodelthat combinesbothof the
abovefeaturesis of the greatest importance. A wide variety of
experimental approaches is justified in the absence of a consensus on
precise mechanisms.

The study of simple peptides or polypeptides as catalysts is
important in understanding how a genetic system, once started,

could have gained a selective advantage. The processes of replication
and translation might be more efficient or more selective when cata-
lyzed by protoenzymes rather than without them. Case models

which leave out catalysts will not tell the whole story. Since the

synthesis of molecules resembling proteins and nucleic acids requires
removal of water, it is not surprising that molecules which have been

studied as catalysts often lead to degradation rather than synthesis

when the reaction occurs in water solution. The study of condensed

phases, mineral surfaces, membranes, and other heterogeneous

systems may be more conducive to synthetic catalysis than the study
of the homogeneous aqueous phase.
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THE REPLICATION OF SURFACE PATTERNS- AN

ALTERNATIVE ENTRY FOR LIFE

The identification of the large biopolymers - proteins and

nucleic acids - as the significant agents in self-replication has been

the motif of most of this volume. The implication taken is plain -

the earliest examples of such a well-developed system as we see at

work universally in life today must have been in some way simpler

analogies of the two classes of substances. The essentially homoge-
neous nature of the self-replicating preparations of enzyme, energy

source, monomers, and template in water suspension has been seen as
an advanced version of the original natural system. That beginning

system would have been a simpler, less adapted set of much smaller
molecules in the same sort of solution where the chemistry is basi-

cally similar to that of the modem examples.
It is clear that the inference, suggestive and powerful though it

is, is not unique. The gap in time allows the postulation of other dis-
tinct systems of entry that are discontinuous with the present infor-
mational but continuous in metabolic mechanisms, and which might

step by step have come to develop the powerful self-replication
that is universal today. For example, very recent experimental

support has been found for a suggestion, 15 years old or more,
that differs in most ways from the prototype of a linkage between

the two classes of polymers. This hypothesis suggests replicating

molecular patterns in two dimensions from a solid surface and not in

one dimension from a long helical polymer. It links an inorganic

substrate in an essential way with the organic product. It seems

prudent to recognize that neither of these two incomplete models is

apt to contain the whole story, but the whole domain of simple

models spans between them as extremes. Consideration for both of

the poles is surely the wisest strategy. In the next pages we present a
summary of the model that rests on an inorganic notion of the first

steps toward life.

Monomer Supply and the Early Atmosphere

The organic chemists view the decisive polymers as links of the

very common atoms, C, H, N, O, P, and S. The two essential heavier
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atoms,S in proteinsandP in the nucleicacids,arefull partnersof
the more usualatomsof organicmolecules.The most abundant
mineralcompoundsof the planetarysurfacecontainaswell, atoms
still moreabundantthanarePandS,but not foundat all within the
greatpolymers.Amongtheseare in particularmagnesium,silicon,
iron, andthesourcesof the ionsof naturalwaters,especiallyNaand
K. Theseinorganicelementsareinvolvedin life today in a moreor
lessessentialway, thoughthey arenot part eitherof proteinor of
nucleicacid.The inorganicgeochemiststaketheseatomsascentral
to their studiesjust asthe biochemistslook on the othersasdomi-
nant.Their possibleinteractioncertainlyshouldnot beoverlooked
simply becauseit doesnot quite lie within the most-studieddisci-
plinesof carbonchemistry.

Aspointedout in chapterV, thereductionbothof carbondiox-
ide and nitrogenarepossibleon a primitive Earth, oncethe right
electrondonors(e.g.,Fe++) arepresent.Theinvolvementof light to
drive the reactionsis at leastreminiscentof photosynthesis.These
photosyntheticmodelsshouldbefurtherexplored.

Replication

As wehavepreviouslydefined,a minimallivingsystemcapable
of evolutionmust be self-duplicatingandmutable;it musthave,at
leastlatently, the capacityfor heterocatalysis.An exampleof sucha
minimaldefinition hasrecentlybeenmetby anexperimentin which
surfacechargepatternson clay particlesin waterwereshownto
replicateand mutate.The preliminaryresultsof theseexperiments
indicatethat claymineralssuchasmontmorillonite,whichcanswell
to a largedegree,maybe capableof replicativeself-multiplication.
Thesemineralsmay, therefore,be lookeduponasmodelsfor proto-
life, or possiblyfor mostprimitivelife; theircatalyticcapabilitiesand
selectivitiescanbealtered,andthuscanaccelerateor retardtherate
of self-multiplication.

Resultslike thosewereforeseenby Cairns-Smithin 1965.He
suggestedthat the primitive geneswerepatternsof substitutionsin
colloidal clay crystallites.The theoreticalinformation density in
suchcrystallitesis comparableto that in DNA.Evolutionproceeded
throughselectiveelaborationof patternmutationsthat hadsurvival
valuefor theclaycrystallitesthatheldthem.
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If we takeit asa fact that suchclay-surfacechargepatternsare
replicable,and that changesin them can inducestablechangesin
their progeny,it is hardto denythe self-replicatingquality. Notice
oneverysubstantialdifferencefrom thebiopolymermodel:replica-
tion in dimensionis different. The clay particlesreplicatetwo-
dimensionalpatterns (the laboratory examplesshow that some
106 ionicsitesarereplicated)whilethenucleicacidsinsteadreplicate
a linearsequencethat isonedimensional.

Naturally there is a very long path from such curious "living"

mineral particles to the cells we ascribe to or even find in the fossil
stromatolites. The gap can be closed only by hard work in the labo-

ratory and by new ideas. But it is interesting to put forward an opti-

mistic, if vague, scenario about how the scheme might have gone
forward in the gap between 4.5 and 3.5 or 3.8 b.y. ago. Of course,

this is meant only as a pedagogical example.

One such scenario would go as follows. Once the early Earth

had well-differentiated into core, mantle, and crust, the atmosphere

would be mainly carbon dioxide, nitrogen, and water, with some
minor constituents like hydrogen sulfide. This atmosphere would not

give rise to a soup of monomers, even locally. The interaction
between atmosphere, sea water, and the silicious, iron-rich crust of

the Earth, would lead rather to copious formation of clays. The iron-

rich clays replicated during many cycles of inundation and dryness,

mutated, and began to fix carbon dioxide photochemically, using
solar UV and ferrous ion. This could lead to sugars, to the citric-acid

cycle, and even to fatty acids. In a later stage, the fixation of molecu-
lar nitrogen occurred as well, and the surface formation of amino
acids and nucleotides became possible. The evolving clays began to

polymerize these surface monomers. In this system, the nucleic
acids became coupled to the polypeptides through a genetic code.

From this complex surface-borne system, a newly self-enclosed sys-
tem based on nucleic acids and proteins began a new and indepen-

dent evolution of its own, free of solid substrate - a protocell with

its membrane consisting of some lipid-rich layers.

It is evident that in such ideas we have the beginnings of a rich

and promising experimental campaign which is complementary to
the search for coupling between the simpler biopolymers held in

solution.
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SUMMARY

Whatis the simplestchemicalsystemthat is capableof com-
plete geneticself-replicationand open-endedDarwinianevolution?
Thisquestionhasbeenat theheartof ourdiscussionof theoriginof
life. Experimentsdesignedto demonstratetrue self-replicationand
naturalselectionin prebiotic situations,althoughperhapsadistant
goal,areof obviousvalue.Threeexperimentalsystemswhichmight
conceivablyleadto sucha demonstrationarenonenzymaticnucleic-
acidreplication,clay replication,andcombinedpeptide/nucleicacid
systems.Althoughnoneof thesesystemshasdemonstratedall of the
characteristicsfor self-replication,eachhaspromiseworth pursuing.

Another possibleroute to demonstrateself-replicationand
naturalselection,althoughwithout addressingthe originof sucha
system,is to try to constructaminimalself-replicatingsystemfrom
componentsof biologicalcells.Thiswouldindeedbeworthwhileif it
couldbedone,sinceit would to someextentplugthehugeconcep-
tual gap betweensimpleself-replicatingsystemsand the complex
geneticsystemof eventhesimplestcontemporarycell.

In summary,themost criticalneedin the areasof nucleic-acid
replication,translation,andotheraspectsof self-replicatingsystems
is for experimentalstudiesratherthanmorespeculationsanddiffuse
theories.

NEXT ORGANIZATIONALSTEPS

Thiswholereport hassoughtto sumup thepresentstateof our
knowledgeand the questionswhich remain,the manysmallques-
tions whoseanswerswill leadus to seeinto the greatquestion,so
importantfor mostreflectivepeople,scientistsor not.

A modestworldcommunity- a few scores of laboratories and

a thousand or two scientific workers - will encounter great difficulty
in its pursuit of this very important question. People in such a com-

munity work with a given discipline; they are geochemists, or micro-

biologists or nucleic acid chemists, or biochemists, or specialists in

planetary dynamics. The classes they teach, the techniques they use,

the meetings they attend, the journals they read and contribute to,
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are typically diverse.The normalstructureof science,especially
universityscience,is disciplinary.Unlike the mission-orientedinter-
disciplinary teamsof NASA, scientific experimenttends to be
discipline-bound.A journalon theOriginof Life isexceptionalsince
it centerson a largequestion,not at all typical of thejournalsin
whichmostworkmustbepublished.

We believeit urgentthat someeffort beexertedto strengthen
the interdisciplinarynatureof this work, whichwehavecharacter-
ized asseekingthe answerto a largequestion,not merelyworking
out the answersto manysmallquestions,thoughthat is, of course,
the indispensablepathto mostprogress.

To thisendweoffer two recommendations,basedondiscussion
andexperiencewithin thiswidelyinterdisciplinaryworkshop:

1. Thereis no way to makecontinuedprogressunlessyoung,
talentedresearchworkersaresteadilyrecruitedto the work. But in
the absenceof awell-establisheddiscipline,youngpeoplearemuch
morelikely to seeksurerandeasierpaths.A directincentiveshould
beprovided,anincentivewhichwouldenlargetheopportunitiesfor
youngpeoplewho wishedto undertakesomeportion of thisgreat
questionastheirownwork.

We recommendthat somefundingagency- a joint effort of
several,whetherFederalor private- undertaketo offer a yearly
grantof somepost-doctoralFellowshipsin the Originof Life. They
shouldbegrantsfor 2 or 3 years,perhaps,tenableat anyplacewhich
hasagreedto acceptthe person.Possibly,the grantshouldinclude
not only a reasonablesumfor salaryandtravel,but alsosomeaddi-
tional fundsto encouragethe host laboratoryto acceptthe Fellow.
Thescaleof thegrantswouldof coursedependon fundsavailable;a
substantialeffect couldbeachievedby the U.S.A.by grantssayto
10personsa year,asasteady-statenumber.Thecompetitionshould
beopento researchpeoplefrom anydisciplineandanycountry;the
only requirementwouldbea showingof the relevanceandhopeof
thestudyfor progresstowardsaknowledgeof theoriginsof life.

It would be mostappropriateto call theseFellowshipsby the
nameof thelateHaroldUrey;hewastheremarkableAmericanscien-
tist who asmuchasanyothermanhasopenedthe field to modern
study.Perhapsthat namewouldopensomenewsourcesof funding;
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a memorialsoconstructedwouldbe fitting in the highestdegreeto
thememoryof HaroldUrey.

2. Sucha schemehelpsmeet the fundamentaltaskof a long-
rangeresearchprogram- careersfor younginvestigators,givenform
within an interdisciplinaryframework.There is anothervaluable
devicefor sobroada field. It is not a responseto asteadyproblem;
rather, it is a meansof bringingresourcesto bearon opportunities
for greatprogressasthey arise.(By goodfortune,wesawit at work
at the Universityof California,LosAngeles(UCLA),whereagroup
organizedby Dr. WilliamSchopfout of a windfall awardfrom the
NationalScienceFoundation(NSF)studiesthePrecambrianrecord.)
Theideais simpleandattractive.From time to time,setnot by the
calendarbut by the stateof knowledge,agroupof researchpeople
of differingskillsandapproachescanbebroughttogetherto spenda
limited time asa team.Theywouldprobablybehousedat onecen-
tral laboratory,bringingwith themexpertise,evenequipment,that
they alreadypossess.Theywork jointly for awhile,yet fromdiffer-
ing specialties,at a complexof problemstheyrecognizeasripe for a
joint attack.OnemightcallthisaFocusAwardin theOriginof Life.
It wouldbegivento anyinvestigatorwhowouldpersuadethereview-
ersthat the time, place,andpeoplewereright for saya2-yearjoint
effort by from four to ten investigators.The Focusmight link
paleontologyto biochemistryor astronomy,or it could spaneven
widerdisciplines.Theawardwouldnot bemadeeachyear,or in any
other routineway, but only on the showingthat the momenthad
arrivedto strengthenthe dispersedanddiverseresearchin thebroad
field by settingup a team,not for a longcareer,but for a limited
time. Onceeveryfew yearsit seemslikely that sucha Focuswill
come to makesense,at a level that is overallsmallcomparedto
the steadyflowof support;it is obviouslyaveryattractivebut quite
uncertainprogram.Wehavenot addressedourselvesto the admini-
strativeproblemsof makingsuchawardsandmakingcertainof fiscal
responsibility;the task is not easy,but surelysoluble.Our viewis
that the scientificmerit of theproposalandthepersonalreputation
of the proposerswouldhaveto be so high that difficultiescanbe
overcomewith relativeease.Thepoint is to supply this important
but diffuse field with the chancefor the sortof concentrationthat
biggerlaboratorieswith well-definedmissionscannowdirectat their
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problems.At the sametime wedo not proposeneworganizations,
but rather to allowserioustemporarycooperationat a levelof real
effectiveness.The teamsought not to be too small,nor too large;
thetasksneithertoo brief nor tooextensive.

With a steadyUrey FellowshipProgramin the Originof Life
and the temptingopportunity of a FocusAward in the Origin of
Life we feel that thetaskswehaveoutlined,taskswhichtranscend
any disciplineof sciencebut whichpromiseanswersof thehighest
importanceto one of the deepestquestionshumanbeingscanask,
canbemet in thedecadeor soahead.Unlesssomesuchnewsupport
is foundoutsidethe normalrubrics,therewill not bemuchprogress
toward the solutionof questionstoo profoundfor chemists,biolo-
gists,astronomers,or geologiststo answeralonein theordinaryflow
of the streamof contemporaryscience.Like all real science,this
fundamentalinvestigationalsohasforeseeableapplications.For do
not our fossilfuelsrepresentancientprocessesof organicchemistry,
not deeplyunderstood?And doesnot theecologyof the life in the
shallowwatersbearsharplyon the greatchemicalcyclesthat can
fit or spoilthe Earthfor humanlife? Thesearemereaccidental,but
urgentby-productsof a deepstudyof earlylife andits nature.We
thusendthisbook with a noteof hopethat thesesuggestionsattest
to the vigorof this field. Thedepth andvarietyof questionsto be
answeredare signsof the maturationof this exciting scientific
endeavor.If wearewiseenoughin thissmallresearchinvestment,we
canexpectrealadvancesin knowledgeandin practiceof facingthe
greatquestionsthat reflectivepeopleask: what is life, and how
did it arisewithin thecontextof changingnature?
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APPENDIX

MOLECULAR STRUCTURES

IMPORTANT BIOLOGICAL COMPOUNDS

The Twenty Amino Acids Found in Proteins

GLYCINE (gly)

CH2--COOH

I
NH 2

ALANINE (ala)

CH3-- CH--COOH

J
NH 2

VALINE (val)

CH3--CH--CH_OOH

J f
CH 3 NH 2

ISOLEUCINE (ile) LEUCINE (leu)

CH3-- CH2--_H--_H-- COOH CH3--_H--CH2--_H--COOH

CH 3 NH 2 CH 3 NH 2

PROLINE (pro)

CH2--CH 2

I I

C_ N/CH--COOH

H

SERINE (ser)

CH2--CH--COOH

l I
OH NH 2

THREONINE (thr)

CH3--CH--CH--COOH

I f
OH NH 2

ASPARTIC ACID (asp)

HOOC--CH2--_H--COOH

NH 2

GLUTAMIC ACID (glu)

HOOC--CH 2-CH 2-CH-COOH

I
NH 2

CYSTEINE (cys)

_H2--_H--COOH

SH NH 2

METHIONINE (met)

CH 3-S-CH 2- CH 2- (_H--COOH
/

NH 2
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The Twenty Amino Acids Found in Proteins (continued)

ASPARAGINE (asn) GLUTAMINE (gin)

O 0

II II

H2N-- C --CH 2 --_H/--COOH H2N--C --CH 2 --CH 2 --CH--COOHI

NH 2 NH 2

ARGININE (arg) LYSINE {tys)

NH

II

NH 2 --C--NH--CH2--CH2--CH2--CH--COOH NH 2 -- CH 2 --CH2--CH2--CH2--CH--COOH

I I
NH 2 NH 2

HISTIDINE (his) PHENYLALANtNE (phe)

HC_C--CH2--CH--COOHII I
NH 2 CH 2-

HN CH._/N _H--COOH

NH 2

TYROSINE (tyr)

HO@CH2--CH--COOH

_ _H 2

TR YPTOPHAN (trp)

NH 2

H
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